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Abstract 
Anaerobic ammonium-oxidizing (anammox) bacteria perform an important step in the global 
nitrogen cycle: oxidizing ammonium and reducing nitrite to form dinitrogen gas in the absence 
of oxygen. Anammox bacteria from the Planctomycetes phylum have been identified in a 
variety of natural environments but their role in groundwater ammonium oxidation has been 
unclear. Recent isotope studies have suggested that anammox bacteria are likely active in 
ammonium attenuation at contaminated groundwater sites; however, only limited biomarker-
based data confirmed their presence prior to this study. I used complimentary molecular and 
isotope-based methods to assess the communities of anammox performing organisms at three 
ammonium contaminated groundwater sites in Canada: quantitative real-time PCR (qPCR), 
denaturing gradient gel electrophoresis (DGGE), DNA sequencing of 16S rRNA genes (with 
both Sanger and Illumina technologies), and
 15
N-tracer incubations. DNA sequencing and 
qPCR results demonstrated that anammox performing organisms were present at all three 
contaminated sites, and that they were among the dominant bacterial community members for 
at least one particular site (Zorra, Ontario). In addition, anammox bacterial diversity was 
variable. One site possessed four of five known genera of anammox performing organisms 
although the dominant anammox bacteria at all sites belonged to the Candidatus Brocadia 
genus. Isotope data from two groundwater sites showed that denitrification and anammox 
occurred jointly and although denitrification was the dominant process, anammox was 
responsible for maxima of 18 and 36% of N2 production at these sites. By combining 
molecular and isotopic results I have demonstrated the diversity, abundance and activity of 
these anaerobic chemolithoautotrophic bacteria; these results provide strong evidence for their 
important biogeochemical role in attenuating groundwater ammonium contamination. 
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1.0 Introduction and Literature Review 
1.1 Initial discovery 
Anaerobic ammonium oxidation (anammox) and the bacteria responsible for this reaction were 
first discovered in 1995, in a reactor designed to favour denitrification (van de Graaf et al., 
1995; Mulder et al., 1995). Until that time, the only known pathway for the autotrophic 
oxidization of ammonium (NH4
+
) and reduction to dinitrogen (N2) occurred through sequential 
aerobic nitrification and anaerobic denitrification (Figure 1). We now know that the anammox 
reaction is performed by at least five Candidatus genera branching deeply within the 
Planctomycetes division of the Bacteria (Strous et al., 1999), all of which oxidize ammonium 




 → N2 + H2O) This 
newly discovered nitrogen cycle reaction provided a possible mechanism for previously 
unexplained N-deficits in anoxic environments (Richards et al., 1965); however, anammox 
bacteria had been detected only in reactor systems. The first two genera of anammox 
performing organisms (Candidatus Brocadia and Candidatus Kuenenia) were discovered in 
reactor systems (Jetten et al., 1999; Strous et al., 1999) and anammox was identified as having 
tremendous potential for NH4
+ 
removal from N-rich wastewater (Jetten et al., 1997; Jetten et 
al., 2001; Schmid et al., 2003). Despite the importance of these organisms in engineered 
reactor systems, the role and importance of anammox in natural environments was not well 
understood (van Loosdrecht & Jetten, 1998; Zehr & Ward, 2002).  
Upon probing the natural environment, researchers discovered anammox-like 
sequences and N2 production by a new genus, Candidatus Scalindua, in the marine 
environment (Kuypers et al., 2003; Thamdrup & Dalsgaard, 2002). Soon many aquatic 
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locations were probed for anammox organisms and, in some environments, anammox was 
considered to be potentially  
 
 
Figure 1: Nitrogen cycling in groundwater; modified from Francis et al. (2007); PON: 
particulate organic nitrogen, DNRA: dissimilatory nitrate reduction to ammonia 
 
more important than denitrification in producing N2
 
(Brandes et al., 2007; Jetten et al., 2009; 
Schouten et al., 2004). Later, two more genera of anammox performing organisms were 
detected in reactor systems: Candidatus Jettenia and Candidatus Anammoxoglobus (Kartal et 
al., 2007b; Quan et al., 2008). The discovery of these anammox clades provided the knowledge 
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required to investigate the presence of anammox organisms in natural environments. Research 
demonstrated that Ca. Scalindua is the dominant anammox genus in marine environments 
across the globe (Woebken et al., 2008). Similar to marine environments, freshwater lakes 
(Schubert et al., 2006) and rivers (Zhang et al., 2007) also exhibit low diversity of anammox 
genera, but tend to be associated with Ca. Brocadia and Ca. Kuenenia populations. Estuaries, 
however, provide an ideal environment for anammox bacterial niches, exhibiting wider 
anammox diversity than either marine or freshwater environments (Dale et al., 2009; Nicholls 
& Trimmer, 2009; Trimmer et al., 2003). Soil environments possess diverse assemblages of 
anammox genera, typically belonging to all five Ca. genera and are generally more diverse 
than marine or freshwater environments (Hu et al., 2011; Humbert et al., 2010; Zhu et al., 
2011). Recently, anammox bacteria have been discovered in additional habitats including peat 
soil (Hu et al., 2011), fertilized paddy soil (Zhu et al., 2011), and deep-sea hydrothermal vents 
(Byrne et al., 2009). Together, these studies have demonstrated widespread distributions of 
anammox bacteria. 
Genomic data provide a possible explanation for the widespread distribution of 
anammox bacteria in the environment. The first anammox genome (Candidatus Kuenenia 
stuttgartiensis) was published in 2006, yielding a cultivation-independent view into the 
metabolic potential of anammox bacteria (Strous et al., 2006; Hu et al., 2011; Humbert et al., 
2010; Zhu et al., 2011), including approximately 200 genes involved in catabolism and 
respiration. These results suggested that anammox bacteria may be generalists that are capable 
of living a versatile lifestyle (Strous et al., 2006) and may imply that anammox organisms exist 
in environments where their presence has not yet been investigated.  
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1.2 Distinguishing denitrification and anammox 
In discussing anammox bacteria in marine and other environments, it is important to note that 
studies have used the 
15
N stable-isotope pairing technique (Thamdrup & Dalsgaard, 2002) to 
assess the relative activities of anammox and denitrification. The bacteria responsible for these 
two dissimilatory pathways can occupy similar niches, but their activities are controlled by 
specific environmental parameters. By reviewing the environmental factors known to control 
anammox bacterial communities, I also highlight factors found to affect denitrifier competition 
with anammox bacteria.  
As in other environments, the distribution of anammox bacteria and denitrifiers in 
marine sediment and water columns is niche dependent. Anammox activity is typically lower 
than denitrification activity in marine and estuarine sediments, with a few exceptions 
(Engström et al., 2005; Engström et al., 2009; Rich et al., 2008; Risgaard-Petersen et al., 2004; 
Trimmer et al., 2003), but the water chemistries of oxygen minimum zones (OMZs) favour the 
dominance of anammox over denitrification, as seen off the coast of Namibia (Kuypers et al., 
2005), and the OMZs of the Peruvian and Chilean upwellings (Galán et al., 2009; Hamersley et 
al., 2007; Lam et al., 2009; Thamdrup et al., 2006; Ward et al., 2009). In these OMZs, 
anammox activities were highest in zones of NO3
–
 depletion and NO2
–
 accumulation, despite 
extremely low or undetectable NH4
+
 concentrations (Hamersley et al., 2007; Schmid et al., 
2005; Thamdrup et al., 2006). Anammox activities were highest close to the top of the OMZ 
(Lam & Kuypers, 2011), and were positively correlated with cell densities (Hamersley et al., 
2007; Kuypers et al., 2005). Although these suboxic water columns harbour potential for 
heterotrophic denitrification (assessed by the presence of denitrifier nirS genes), measured 
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denitrifier transcription rates were undetectable, indicating that anammox is responsible for the 
vast majority of N2 production from marine OMZs (Lam & Kuypers, 2011).  
Although one genus of anammox bacteria tends to dominate within a single habitat, 
natural environments undergo seasonal and even diel shifts in a variety of environmentally 
relevant parameters. Most evidence indicates that both anammox and denitrifier communities 
coexist in natural environments for the removal of N. Indeed, these microbial communities 
undergo regular shifts in their relative abundance and activities at certain times of the year, or 
in response to environmental changes. Some examples of seasonal variation in the importance 
of anammox and denitrifier communities are described below. In Lake Rassnitzer, a 
permanently stratified freshwater lake (Hamersley et al., 2009), only anammox was measured 
in January and October (with no detectable denitrification), and only denitrification activity in 
May (with no detectable anammox). The controls for the shift between anammox and 




 concentrations remained 
constant throughout the year. However, their results suggested that anammox activity 
decreased due to an increase in organic carbon oxidation (and, as such, an increase in 
competition for NO2
–
) by denitrifiers in the month of May. This is surprising considering that 
the classic denitrification reaction (involving the step-wise oxidation of NO3
–
 to N2) occurs 
intracellularly. Later in the year, an increase in activity and growth of the anammox population 
led to the dominance of anammox during the winter months (Hamersley et al., 2009). In 
comparison to the seasonal shift between anammox and denitrification observed in Lake 
Rassnitzer, an interannual shift was observed in the central anoxic Baltic Sea, Gotland Basin 
(Hannig et al., 2007). Hannig and colleagues observed a shift from denitrification to anammox 
between 2002 and 2005; the shift was controlled by the disappearance of the NO3-H2S 
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interface (site of chemoorganoheterotrophic denitrification) due to an influx of oxygenated 
water in the 2002-2003 years (Hannig et al., 2007). Two additional studies examined the 
seasonal variation between denitrification and anammox in the coastal regions of the Baltic 
Sea, yielding inconsistent results. Hietanen and Kuparinen (2007) observed a minimal seasonal 
difference, with anammox contributing 10% and 15% to N2 production in the spring and 
autumn, respectively. In a follow-up study, Jäntti and colleagues (2011) concluded that 
denitrification dominated year-round, and anammox and dissimilatory nitrate reduction to 
ammonia (DNRA) were not important nitrogen transformation processes in either season.  
A controversial paper by Lam and colleagues (2009) documented the nitrogen loss 
pathways in the Peruvian OMZ, where denitrification was undetectable. They suggested a 
revision of nitrogen cycle models for OMZs whereby denitrification is unnecessary because 
DNRA supplies anammox organisms with NH4
+
. This conclusion was treated with skepticism 
because of studies demonstrating denitrifier activity and gene sequences in OMZs of the 
Arabian Sea (Bulow et al., 2010; Ward et al., 2009). Although anammox dominates OMZs, 
denitrification potential remains high and a natural event could stimulate a major community 
shift (as seen in the Gotland Basin; Hannig et al., 2007), so excluding denitrification 
involvement with OMZ ecology seems unwise. The relative contributions of anammox and 
denitrification to N2 production are clearly variable among anoxic systems and, in the majority 
of ecosystems, both processes are responsible for N2 loss.  
1.3 Potential niche adaptation by anammox genera 
The distribution of particular anammox organisms also appears to depend on environmental 
conditions, which permit the dominance of one group over another (or growth together). The 
five known anammox-performing genera (Candidatus Brocadia, Kuenenia, Scalindua, Jettenia, 
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and Anammoxoglobus) each also have their own niche, and one genus tends to dominate in a 
single environment (Kartal et al., 2006; Kartal et al., 2007b). Below, I highlight several studies 
that demonstrate anammox niche development, shifts in anammox-performing populations, or 
observations about their ecology and response to environmental variables.  
The most obvious examples of niche adaptation of anammox bacterial genera within 
naturally occurring habitats include: Ca. Scalindua has frequently been observed as the sole 
anammox genus detectable in marine environments (Amano et al., 2007; Dale et al., 2009; 
Dang et al., 2010; Galán et al., 2009; Hong et al., 2011; Li et al., 2011a; Li et al., 2010; Rich 
et al., 2008; Schmid et al., 2007; Woebken et al., 2008), while Ca. Brocadia and Ca. Kuenenia 
dominate freshwater environments (Dale et al., 2009; Hamersley et al., 2009; Hirsch et al., 
2010; Li et al., 2011a; Smits et al., 2009; Zhang et al., 2007) and artificial reactor systems 
(Bae et al., 2010; van Dongen et al., 2001; Innerebner et al., 2007; Kartal et al., 2006; Kartal et 
al., 2007a; Kartal et al., 2010; Kimura et al., 2010; Li et al., 2009; Park et al., 2010; Quan et 
al., 2008; Third et al., 2005; Third et al., 2001). In estuaries, Ca. Brocadia, Ca. Kuenenia and 
Ca. Jettenia dominated in the freshwater reaches of the estuary, while Ca. Scalindua dominated 
the saline end of the estuary (Dale et al., 2009; Li et al., 2011a), although the rate of anammox 
decreased with increasing salinity in a number of estuary systems (Meyer et al., 2005; Rich et 
al., 2008; Trimmer et al., 2003). There are, of course, exceptions: Ca. Scalindua was the only 
anammox organism detected in a stratified freshwater lake (Schubert et al., 2006), and Ca. 
Brocadia sequences were nearby a deep sea hydrothermal vent (Byrne et al., 2009). These 
observations support the conclusions of Brümmer and colleagues (2004), suggesting that 
freshwater Planctomycetes species are different than marine species.  
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Exposure of anammox enrichments to new substrates or environmental conditions 
reveals additional evidence for niche partitioning. Anammox communities shifted to favour the 
genera of anammox bacteria better suited for growth under increased salinity (Kartal et al., 
2006) and changed carbon sources (propionate, Kartal et al., 2007b; acetate, Kartal et al., 
2008). In other cases, a change in environment (e.g. seeding a new reactor with anammox-
enrichment biomass) can trigger a shift in the dominant anammox genus (Park et al., 2010; van 
der Star et al., 2007), or anthropogenic inputs can drastically alter community structure (Li et 
al., 2011a). Anammox niche development can be influenced by the feed material, affinity of 
anammox bacteria for nitrite, micronutrient concentrations, or the inclusion of an alternative 
energy source in either engineered or natural systems (Hu et al., 2011; Kartal et al., 2007a; 
Kartal et al., 2007b; van de Vossenberg et al., 2008). Anammox bacteria possess branched 
respiratory chains, potentially permitting them to colonize habitats and adapt to new situations 
using a variety of electron donors and terminal electron acceptors (e.g. manganese and iron 
oxides, formate; Strous et al., 2006). Anammox bacteria have demonstrated the potential for 
genus-specific niche differentiation in both natural and engineered systems, and dominance in 
some environments (such as the OMZs discussed above). The activities of other nitrogen-
cycling bacteria (aerobic nitrifiers and anaerobic denitrifiers) and archaea (aerobic ammonia 
oxidizers), however, are also an important consideration because of interactions occurring 
between these groups. 
1.4 Relationship between anammox and other N-cycling organisms  
Aerobic ammonia oxidation is performed by members in the ammonia-oxidizing bacteria 
(AOB) and archaea (AOA); these autotrophic microorganisms live together with anammox 
 9 
bacteria in environments experiencing nitrogen input, and can act together to cycle N through 
the system (Vlaeminck et al., 2010). 
Sediments of freshwater or marine systems provide an optimal environment for 
anammox bacteria (or denitrifiers) to live in close association with AOB and AOA. These 
groups can be affected by a variety of environmental parameters (Trimmer et al., 2005; 
Dalsgaard et al., 2002), but here I discuss oxygen and nitrite/nitrate. Oxygen (O2) is the 
terminal electron acceptor for nitrifier metabolism but it inhibits anammox activity. In 
sediments, activity in the aerobic layers depletes available O2 and causes a sharp gradient of O2 
to develop, permitting close proximity between aerobic AOA/AOB and anaerobic 
anammox/denitrifiers (Jenkins & Kemp, 1984; Jensen et al., 1993). Anammox bacteria in 
sediments exist in close association with AOA and AOB under microaerobic conditions 
(Dalsgaard et al., 2005), and these associations can persist despite specifically enriching for 
anammox organisms under anaerobic conditions. Yan et al. (2010) exposed an anammox 
enrichment to very low oxygen levels, and developed a co-enrichment of a marine nitrifier and 
anammox bacteria, suggesting that during the process of enriching marine anammox bacteria, a 
small proportion of nitrifying bacteria remained inactive until oxygen levels were restored. In 
the marine water column, a similar O2 gradient can develop in marine snow (Shanks & Reeder, 
1993), perhaps providing viable niches for anammox bacteria in the water column of OMZs. 
Nitrite and nitrate are the products of partial and complete nitrification, respectively, and are 
substrates for a variety of N-cycling processes including anammox, denitrification, and DNRA. 
Nitrite is often found at much lower concentrations than nitrate and is quickly consumed or 
oxidized by microbial (or algal) activity (Grant & Turner 1969). The anammox reaction uses 
nitrite, and it is often supplied by the activity of other organisms. In paddy soils where 
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nitrification activity is greater than denitrification, partial nitrification is the likely supply of 
nitrite for anammox (Zhu et al., 2011). Partial nitrification has also been suggested as the 
source of nitrite for anammox in the Black Sea (Lam et al., 2007) and the Benguella upwelling 
in the Namibian OMZ (Kuypers et al., 2005). Anammox has also been linked to archaeal 
nitrification and partial bacterial nitrification in the Black Sea and the Peruvian OMZ (Lam et 
al., 2007, 2009). The distribution of anammox in marine waters and sediments is often 
positively correlated with the concentration of NO2
–
 (Dang et al., 2010; Jaeschke et al., 2007) 
and NO3
–
 (Nicholls & Trimmer, 2009; Rich et al., 2008), which are likely affected by the 
metabolism of other organisms. To date, the coexistence of AOA, AOB, and anammox remains 
untested in terrestrial systems. 
The potential for interaction between anammox and AOA exists; however, their 
distributions are rarely determined in tandem. Archaeal amoA genes are pervasive in a number 
of environments important for the global nitrogen cycle including suboxic water columns, and 
coastal and estuarine sediments (Francis et al., 2005), and anammox organisms coexist with 
AOA in reactors (Bae et al., 2010), so it seems likely that anammox and archaeal nitrification 
processes are linked in more than one natural environment. However, one particular study of 
Arabian Sea samples revealed that an aerobic archaeal nitrifying layer was more than 400 
meters separated from a layer performing anammox (Pitcher et al., 2011); it is unlikely that 
anammox and archaeal nitrification were linked in this habitat. Anammox bacteria commonly 
live in close association with other (bacterial and archaeal) aerobic organisms in aerobic 
reactors. However, the anammox process only operates under anoxic or microaerobic 
conditions (Jensen et al., 2008; Strous et al., 1997). Under aerobic conditions, anammox 
bacteria benefit from close associations with AOB in flocculant material (Third et al., 2001), 
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granules (Vlaeminck et al., 2009), or biofilms (Vlaeminck et al., 2009) because aerobic 
activity by AOB develops an anoxic zone where anammox can grow. The outermost layers of 
the floc are composed of aerobic AOA and AOB, and anammox organisms inhabit the anoxic 
center (Vlaeminck et al., 2010), or AOA/AOB and anammox live together in suspended solids 
and sludge (Bae et al., 2010). Full-scale wastewater treatment plants treat wastewater in a one-
stage process via partial nitrification and anammox involving cooperation between AOB and 
anammox organisms (Third et al., 2001; Vlaeminck et al., 2009). On a smaller scale, preparing 
and maintaining enrichment cultures in reactor environments facilitates the study of 
cooperation between anammox and other bacteria. In attempting to enrich a cyclohexane 
degrader (~75% of cells), Musat et al. (2010) also succeeded in enriching anammox cells to 





generated by cyclohexane-dependent nitrate reduction. Further study is required to determine 
the parameters which regulate the distribution of these bacterial and archaeal groups. 
1.5 Anammox in freshwater and terrestrial environments  
Studies of marine anammox dominate the literature and relatively few studies have examined 
the role of anammox in natural freshwater systems, with a few exceptions (Hamersley et al., 
2009; Humbert et al., 2010; Schubert et al., 2006). Studies of freshwater anammox bacteria 
(mainly Ca. Brocadia and Kuenenia) have involved reactor environments (Kartal et al., 2007a; 
Kartal et al., 2008; Kartal et al., 2007b; Kartal et al., 2010; Kimura et al., 2010; Park et al., 
2010; Quan et al., 2008; van der Star et al., 2008). Nitrogen cycling is important in terrestrial 
and freshwater systems, and recent discoveries of anammox in new and unexpected 
environments (e.g. fertilized paddy soil, Zhu et al., 2011; peat soil, Hu et al., 2011) suggest 
that anammox bacteria are widely distributed beyond marine systems. A molecular survey of 
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anammox bacteria revealed greater diversity in terrestrial systems compared to marine systems 
(Humbert et al., 2010). This study also sampled other environments for anammox-like 
sequences, including those environments associated with water or nitrogen input (Humbert et 
al., 2010). Anammox organisms are not ubiquitously distributed in terrestrial environments—
for example, anammox sequences were detected only at particular depths in a soil profile 
(Humbert et al., 2010), similar to the narrow range of anammox activity observed in layers of 
marine sediments (Dalsgaard et al., 2003, Dalsgaard et al., 2005).  
1.5.1 Anammox bacteria and the groundwater environment 
Groundwater is an essential resource for 8.9 million people in Canada, and makes up more than 
30% of the world’s freshwater supply (Environment Canada, 2011). Groundwater is also 
important for its contribution to the flow of most streams and rivers, and for its influence on 
the quality of lake water. Contamination of groundwater by anthropogenic activities (such as 
landfilling, Erksine 2000; manure stockpiling and fertilizer storage, Barcelona & Naymik 
1984; Böhlke et al., 2006; and septic system effluent, Aravena & Robertson, 1998) can lead to 
contamination of surface waters and receiving water bodies, or impact groundwater serving as 
a source of drinking water. Groundwater has a long residence time, meaning that it can take 
many weeks to thousands of years for water to be completely refreshed, and for contamination 
to be removed from the groundwater system; this stable environment might be habitable by 
anammox bacteria.  
The presence of anammox in NH4
+
-contaminated groundwater has been documented 
previously (Humbert et al., 2010; Smits et al., 2009), and groundwater provides a likely site for 





and then to NO3
–
. Movement of the groundwater through the sediment matrix then carries the 
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products of partial nitrification (NH4
+




) into the groundwater flow system. 
Given the relatively long exposure time of groundwater to metabolically active microbial 
communities, contaminated groundwater environments will likely favour the anammox 




are present in areas of low oxygen. Although the presence 
of anammox-like sequences in groundwater has been confirmed (Ca. Brocadia, Humbert et al. 
2010; Ca. Brocadia and Kuenenia, Smits et al., 2009), more work is required to explore 
anammox activity and distributions in contaminated groundwater environments, and to 
determine how these communities differ from other freshwater anammox populations. A recent 
discovery of anammox in peat soils by Hu and colleagues (2011) demonstrated the potential 
importance of Ca. Brocadia and Ca. Jettenia bacteria within groundwater environments. In this 
study, a peat bog fed by nitrate-rich groundwater encountered ammonium-rich peat soil. Other 
organisms rapidly consumed available O2, providing anammox organisms with an ideal 
environment for growth (Hu et al., 2011).  
1.6 Methods for detecting anammox abundance and activity 
Anammox organisms are difficult to enrich and no pure cultures exist. As a result, most 
anammox community characterization relies on culture-independent methods. The majority of 
characterization of anammox organisms is done via three main techniques: molecular 
amplification and detection of target DNA and RNA sequences, isotope analysis, and 
ladderane lipid analysis.  
Detection and identification of anammox bacteria is commonly performed using two 
molecular techniques, PCR amplification of the 16S rRNA gene, and fluorescence in situ 
hybridization (Song & Tobias 2011). Primers and probes with different specificities (genus and 
species) are used to detect and quantify anammox bacteria in environmental samples, but 
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provide no indication of activity. Stable isotope studies permit measurement of the relative 
activities of anammox and coupled nitrification-denitrification, which are otherwise poorly 
distinguishable from one another based on substrates and final products. Ladderane lipids are 
unique to anammox bacteria, so the presence of these lipids is considered to be diagnostic of 
the presence of anammox cells. Certain phospholipids can be used as biomarkers to detect live 
anammox bacteria, and distinguish between live and dead anammox cells based on 
measurements of predictable lipid breakdown products (Rush et al., 2011).  
Ideal approaches for studying anammox bacteria include both molecular and isotopic 
components. Alone, molecular techniques can only verify the presence of anammox organisms 
(or their nucleic acids) and 
15
N-stable isotope labeling studies cannot definitively state whether 
anammox bacteria are involved, or identify those metabolically active organisms. Recently, 
lipid analyses have been used for detecting anammox in naturally occurring environments and 
to distinguish between the different anammox genera by the proportions of core lipid fractions 
(Rattray et al., 2008). When used together these molecular and isotopic methods can provide 
strong evidence that anammox organisms are present, viable, and metabolically active. 
Subsequent sections will discuss each approach in further detail. 
1.6.1 Molecular techniques 
The 16S rRNA gene is a common target for assessing community composition in natural 
environments because this gene is critical for cellular function in all life, and the conserved 
DNA sequence makes most organisms detectable with universal primers. Indeed, the 16S 
rRNA gene has been the main target for detection of anammox bacteria by PCR (Jetten et al., 
2003); however, there is a high level of sequence dissimilarity between 16S rRNA genes of 
anammox performing genera (e.g. ~85% similarity between ―Candidatus S. sorokinii‖ and 
 15 
either ―Candidatus B. anammoxidans‖ or ―Candidatus K. stuttgartiensis‖; Jetten et al., 2003); 
therefore it has been difficult to develop primers targeting all known genera of anammox 
bacteria, and importantly, these may not target as-yet unknown anammox genera. The 16S 
rRNA gene is a common gene target for quantitative studies of anammox and other groups 
(Schmid et al., 2001) for assessing anammox cell numbers relative to the bacterial community 
because there is only one copy per genome in known anammox bacteria (Strous et al., 2006). 
Nonetheless, extracellular DNA (present without live cells) is amplifiable using DNA detection 
methods, meaning that detection of 16S rRNA genes does not necessarily predict the presence 
of only live cells (Schmid et al., 2005). It is possible to detect live anammox cells when a 
functional gene transcript (i.e. RNA) is targeted in (quantitative) PCR based assays, as 
described below. 
In theory, actively transcribing anammox bacteria can be targeted via the internal 
transcribed spacer (ITS) region between the 16S and 23S subunits of bacterial ribosomal RNA. 
This technique would permit detection of actively transcribing cells because the ITS region is 
only detectable in the short interval between transcription and gene processing to create the 
mature transcript. When combined with FISH, the fluorescent signal is only present when the 
organisms are active, but high transcription rates are necessary for successful detection of 
anammox cells (Schmid et al., 2001). The spacer region is not under selective pressure so 
nonspecific probe binding is likely (Schmid et al. 2005), but higher-resolution diversity can be 
revealed by sequencing through this region, potentially down to the subspecies level (Woebken 
et al. 2008). 
The first candidate functional biomarker gene for anammox abundance was the 
hydrazine oxidoreductase (hzo) gene, encoded by all known anammox genera and used to 
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oxidize hydrazine to N2. HZO enzymes have conserved functions and can be targeted for 
detection of anammox organisms in mixed communities. This gene has been used as an 
alternative phylogenetic marker for anammox bacteria—in a study performed by Dang and 
colleagues, phylogenetic analysis of hzo genes revealed a more diverse community of 
anammox organisms than that observed by analyzing 16S rRNA genes (Dang et al. 2010). 
Some genera of anammox bacteria possess more than one copy of the hzo gene, so this gene is 
less useful for quantification studies (Dong et al., 2009; Lam et al., 2009; Li et al., 2011b). 
Still, hzo gene sequences can be used to create reliable phylogenetic trees (Li et al. 2009).  
Another anammox specific functional gene has been identified recently as a reliable 
target for quantification studies: the nirS gene. The nirS gene codes for the cytochrome cd1 
containing nitrite reductase in anammox bacteria; this enzyme mediates the reduction of nitrite 
to nitric oxide, which then reacts with ammonium to generate hydrazine (Li et al., 2011b). 
Recently the nirS gene was suggested as a new biomarker for detection of anammox in natural 
environments, and was confirmed as a viable tool for quantitatively assessing active anammox 
via reverse transcriptase PCR (Li et al., 2011b; Lam et al. 2009; Dong et al. 2009). The 
anammox nirS sequence is distinct from denitrifier nirS genes (≤ 63% sequence identity; Lam 
et al. 2009), and the gene provides consistent phylogenies as revealed by hzo and 16S rRNA 
genes (Li et al., 2011b). There is only one copy of the nirS gene per cell, making this gene 
more useful for quantification studies than the hzo gene (Strous et al. 2006).  
Fluorescence in situ hybridization (FISH) has been referred to as the ―gold standard‖ 
method for anammox detection (Schmid et al. 2005) because it can be used to collect 
quantitative and qualitative information on anammox bacteria in environmental samples 
(Schmid et al. 2000; Schmid et al. 2003). Anammox-FISH has drawbacks including, i) probes 
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target the 16S rRNA gene (limitations mentioned above) ii) high detection threshold, and iii) 
low signal-to-noise ratio. Nonetheless, this technique is the only widely used non nucleic-acid-
based method for the detection of anammox bacteria (Schmid et al. 2005), and has been used 
in many studies of anammox in both natural environments and engineered reactors (Schmid et 
al., 2005). 
Catalyzed reporter deposition (CARD)-FISH has also been used to detect anammox 
because it is more sensitive than the traditional FISH technique (Hannig et al. 2007). The 
anammox probe (targeting the 16S rRNA gene) is linked to a reporter enzyme—peroxidase. 
When peroxidase is provided with fluorescently labeled tyramide, covalent bonds form 
between tyramide and tyrosine amino acid residues within the cell. This signal amplification 
provides CARD-FISH with greatly enhanced sensitivity, and has been used to detect anammox 
cells in environmental samples where they are typically present in low relative abundances 
(Hannig et al. 2007; Lam et al. 2007; Woebken, et al., 2007; Hamersley et al. 2009). 
1.6.2 Stable isotope incubations 
 Stable N-isotopes are frequently used when assessing the activities of anammox and 
denitrification in natural environments. The paired isotope technique was developed to permit 
measurement of anammox- and denitrification-derived N2 (Thamdrup & Dalsgaard, 2002). 
Without paired isotope studies, anammox and nitrification/denitrification are indistinguishable 
by their substrates and end products. The end product of both anammox and denitrification is 
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N2 while denitrification generates 
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N2. Stable 
isotope labeling was first used to determine anammox bacterial activity (van de Graaf et al., 
1995; Thamdrup & Dalsgaard, 2002), and is very commonly used to study anammox in reactor 
and natural environments, often in combination with the above techniques.  
Using isotope-based techniques, Clark and colleagues (2008) were able to determine 
that anammox activity was the likely process responsible for N-loss at a contaminated 
groundwater site in Elmira, Ontario, Canada even before biomarker-based characterization was 
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NNO3, indicating enzymatic preference for the lighter isotope; (iii) 
δ
15
NNH4 values were less than δ
15
NNO3, indicating that nitrification was not responsible for 
NH4
+







Like the work of Clark and colleagues, early studies of anammox in a variety of 
environments involved only isotope work (Thamdrup & Dalsgaard 2002, Dalsgaard et al., 
2003, Trimmer et al., 2003, Rysgaard et al., 2004). Now that more anammox sequences have 
been identified and are submitted to publically available databases, isotope studies can be 
readily adapted to include a molecular component to determine the genera of anammox 
bacteria present, and to measure their abundance in the bacterial community. 
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1.6.3 Ladderane lipid analysis 
Anammox bacteria possess an internal compartment called an anammoxosome. The 
anammoxosome membrane is highly enriched in ladderane lipids—lipids possessing linearly 
concatenated butane rings, which stack to form a dense membrane (Sinninghe Damsté et al., 
2002). Hydrazine, a reactive metabolic intermediate, is maintained within the anammoxosome 
to prevent damage to cellular machinery (Sinninghe Damsté et al., 2002). Although other (non-
anammox performing) planctomycetes exhibit internal compartmentalization, they lack 
ladderane lipids (Jetten et al., 2009). These lipids are otherwise unknown in nature, making 
them an ideal biomarker for anammox bacteria (Lanekoff & Karlsson, 2010; Rattray et al., 
2008). Although the intact ladderane glycerolphospholipids are thermally unstable (Li & Gu, 
2011; Sinninghe Damsté et al., 2005), they degrade into predictable breakdown products (Rush 
et al., 2011), making it possible to discriminate between intact lipids from live organisms and 
breakdown products (e.g. ladderane core lipids), which may have been carried from elsewhere 
(Rattray et al., 2010; Rush et al., 2011). Over the course of the last five years, lipid analysis 
has emerged as a viable method for detecting anammox bacteria in natural environments 
(Brandsma et al., 2011; Byrne et al., 2009; Hu et al., 2011; Jaeschke et al., 2007; Jaeschke et 
al., 2009; Lanekoff & Karlsson, 2010), but is commonly used in conjunction with isotope and 
nucleic-acid based techniques. 
1.7 Research Hypothesis and Objectives 





are present in anoxic regions, and that contaminated groundwater 
sites harbour specific anammox performing communities that affiliate more closely with 
freshwater anammox genera than saltwater genera. I also hypothesize that anammox organisms 
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will comprise a substantial proportion of the total bacterial community in these sites given the 
existence of conditions that are expected to favour the growth of anammox bacteria.
 
This thesis will present data on the distribution and activity of anammox organisms in 
contaminated groundwater environments, with a focus on site-to-site variability. Although 
anammox organisms have been identified in groundwater environments
 
(Smits et al., 2009, 
Humbert et al., 2010) and isotope evidence for the anammox reaction in NH4
+
-impacted 
groundwater was shown at the site of a former fertilizer operation in Elmira, Ontario, Canada, 
(Clark et al., 2008), the presence and activity of anammox organisms has yet to be confirmed 
with coupled 
15
N labeling incubations and biomarker-based evidence. This study is among the 
first investigations of anammox presence and activity in contaminated groundwater.  
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2.0 Methods and Materials 
Samples from the three ammonium-impacted groundwater sites (Zorra, Elmira, and Southland 
Dog Park, SDP; Table 1) were collected and analyzed for total bacterial composition and for 
anammox-specific molecular and isotopic signatures. For consistency, representative samples 
from each site were subjected to the same analyses (e.g. qPCR, DGGE, clone libraries), except 
for Illumina sequencing (Zorra site only), and isotope incubations (Zorra and Elmira sites 
only).  
2.1 Sampling sites 






 contamination as a first criterion (Table 1). Samples were collected from Zorra 
township, Ontario (Zorra site, Z), which is a manure composting facility where runoff from 
compost piles collects in a lagoon. Lagoon NH4
+













-N was 3.2 mg L
-1
 at the Z106 piezometer 
nest; N concentrations were uncharacteristically low for this site in the 2008 season, compared 
to previous years (data not shown). The second site was in Elmira, Ontario (Elmira site, E), 
which is adjacent to a decommissioned fertilizer company, with groundwater NH4
+
-N 




 -N of >200 mg L
-1
 (Table 1). The third site was in 
Calgary, Alberta (Southland Dog Park, SDP), and is 2.5 km downgradient from a 
decommissioned plant involved in munitions production and fertilizer mixing from 1942 to 
1992, with groundwater NH4
+




 -N concentrations of 
>30 mg L
-1
 (Lanza, 2009). For comparison to NH4
+
-impacted groundwater sites, one 
―background‖ piezometer nest was sampled at three depths from the Zorra site (Z86). 
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Z103 (3.1 m) 2.5 3.2 1675 7.22 <1 
Z103 (5.1 m) 1.5 4.0 1503 7.13 <1 
Z103 (7.5 m) 8.3 0.2 1675 7.13 <1 
Z106 (3.1 m) 1.6 4.6 2450 6.86 <1 
Z106 (5.1 m) 1.5 2.6 1445 7.08 <1 
Z106 (7.5 m) 1.3 2.3 1440 7.13 <1 
Z86 (1.9 m) ND ND ND ND ND 
Z86 (2.3 m) 0.01 7.4 541 6.59 4.47 
Z86 (3.1 m) 0.03 5.0 877 6.73 7.73 
E1 16.1 28.0 ND 6.88 2.17 
E2 67.1 83.3 ND 6.81 1.38 
E3 313.5 189.7 ND 7.05 2.23 
E4 175.3 186.7 ND 6.80 1.60 
E5 354.4 177.5 ND 6.97 2.29 
E6 47.0 42.7 ND 6.54 1.32 
E7 313.9 238.8 ND 6.87 ND 
E (composite) ND ND ND ND ND 
SDP (4.0 m) 31.4 86.2 2220 7.00 0.35 
SDP (5.0 m) 34.9 32.1 2140 7.03 0.50 
SDP (6.0 m) 69.9 29.0 2140 7.07 0.42 




The Zorra site overlies a shallow aquifer system comprised of heterogeneous 
glaciofluvial outwash including everything from fine silt and clay to very coarse sand and 
gravel (Robertson & Schiff, 2008). Continuous core sampling at Z103 and Z106 revealed a 
sequence of heterogeneous and increasingly coarse-grained sediments with depth (unpublished 
data). The Elmira site is situated in gently sloping glacial outwash sediments, with surficial 
drainage toward a perennial creek. The regional carbonate bedrock in the region is overlain by 
approximately 30 m of unconsolidated glaciofluvial deposits. The SDP site is a river-connected 
alluvial aquifer primarily consisting of sands, gravels, and cobbles. The alluvial aquifer is 
underlain by bedrock (at 4 to 9 m below ground surface), and overlain by 1.4 m of silty sand, 
with a water table depth ranging from 2.5 to 4 m below ground surface (Lanza, 2009). Sonic 
drill cores in the immediate vicinity of the multi-level well showed three distinct units: sand 
(1.0 to 2.5 m below ground surface), gravelly sand (2.5 to 3.2 m below ground surface), and 
gravel (3.2 to 4.2 m below ground surface). 
Samples from the Zorra site (Z) were taken from multi-level piezometers. Piezometer 
nest Z106 is closest to the manure lagoon source (10 m), and piezometer nest Z103 is 50 m 
downgradient. Both Z103 and Z106 were sampled at 3.1 m, 5.1 m, and 7.5 m below ground 
surface in October 2008; these piezometers screen groundwater over approximately 5 cm at 
intervals of 1 m. Piezometer Z92 is 30 m away from Z103, but remains the same distance from 
the manure lagoon; similarly Z122 is 30 m away from Z106. Z95 is 30 m downgradient from 
Z122, and Z124 is 35 m downgradient from Z122. Z86 is 90 m away from Z95, outside of the 
contaminant plume. These piezometers were sampled between 2.6 m and 7.5 m below ground 
surface in November 2009. Z86, Z92, Z95, Z122, Z103, and Z124 piezometer nests screen 
groundwater over approximately 2 cm at intervals of 0.4 m. At the Elmira site (E), a seven-well 
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composite sample was taken in April 2009 (coverage ~5100 m
2
), in addition to the individual 
wells that were represented within the composite (wells 1 through 7); wells were screened over 
several meters. At the Southland Dog Park site (SDP), a single multi-level piezometer was 
sampled at 4 m, 5 m, and 6 m below ground surface in May 2009.  
2.2 Molecular techniques 
Between 240 mL and 1 L samples of groundwater were collected and filtered onto 0.22-μm 
Sterivex filters (Millipore). Filters were stored at –70°C until DNA extraction. Nucleic acids 
were extracted from the filter surface using a lysis and purification technique described 
previously (Neufeld et al., 2007). 
Quantitative real-time PCR (qPCR) was performed using a C1000 thermal cycler with a 
CFX96 real-time system (Bio-Rad). PCR was performed using the following reaction 
components in 12.6-μl volumes: 6 μl of SYBR-green Supermix (Bio-Rad), 0.05 μl equivalent 
of each forward and reverse primer (100 mM), 0.5 μl of bovine serum albumin (10 mg mL
-1
; 
Kreader et al., 1996), and 0.5 μl of extracted and quantified environmental nucleic acids (1 to 
10 ng μl
-1
) or DNA standards. Anammox-specific qPCR was conducted similarly to a 
previously published protocol (Ward et al., 2009) using primers Amx368f (Schmid et al., 
2003) and Amx820r (Schmid et al., 2000), listed in Table 2. General bacterial qPCR used 
primers 341f and 518r (Table 2; Muyzer et al., 1993). The qPCR thermal program for 
Amx368f and Amx820r involved an initial denaturation of 3 minutes at 95°C followed by 40 
cycles of 45 seconds at 95°C, 1 min at 62°C and 1 min at 72°C. Melt curve analysis used a 
gradient of 62°C to 95°C with 0.5°C temperature increments. For qPCR with 341f and 518r, 
the reaction involved an initial denaturation step of 3 min at 95°C, followed by 40 cycles of 45  
 25 
Table 2. List of PCR primers used in this study 
Primers Target gene  Reference 
An7f, An1388r Anammox 16S rRNA gene Penton et al., 2006 
Amx368f, Amx820r Anammox 16S rRNA gene Schmid et al., 2000, 
Schmid et al., 2003 
GC-341f, 341f, 518r Bacterial 16S rRNA gene Muyzer et al., 1993 
27f, 1492r Bacterial 16S rRNA gene Lane et al., 1991 
 
seconds at 95°C, 1 min at 55°C, and 1 min at 72°C. The melt curve analysis involved an 
increase of temperature from 55°C to 95°C in 0.5°C increments. The efficiency of general 
bacterial and anammox qPCRs were 88.9% and 84.6%, with R
2
 values of 1.00 and 0.998, 
respectively. All qPCR products were run on a 1% agarose gel along with a 1 kb Plus DNA 
ladder (Invitrogen) to confirm the size and quality of PCR products. 
PCR products from groundwater samples were used to generate standard curves for 
qPCR. PCR products were purified using a MinElute kit (Qiagen) and quantified with a 
spectrophotometer (Nanodrop ND-1000). Products were diluted to 10 ng μl
-1
 and eight serial 
10-fold dilutions were performed using sterile distilled and deionized water. All qPCR 
amplifications were conducted in duplicate. 
In order to compare community composition for all samples, DGGE was conducted at 
the level of all bacteria and also adapted to target anammox bacteria. General bacterial 16S 
rRNA gene profiles were generated using DGGE primers (GC-341f and 518r; Muyzer et al., 
1993). Anammox-specific 16S rRNA gene profiles were generated using a ―nested‖ PCR 
technique: PCR products from amplification with An7f and An1388r (Penton et al., 2006) 
were diluted (10
-2
) in water, and products were used as template for PCR with bacterial DGGE 
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primers, using only 20 cycles for the nested amplification. PCR for DGGE and cloning was 
performed using the following reaction components in 25-μl volumes: 2.5 μl of Thermal 
Polymerase Buffer (10X; NEB), 0.05 μl dNTPs (100 mM; NEB), 0.05 μl equivalent of each 
forward and reverse primer (100 μM), 1.5 μl of 10 mg ml
-1 
bovine serum albumin, 0.1 μl of 
Taq DNA polymerase (5 U μl
-1




PCR with general bacterial 16S rRNA gene primers GC-341f and 518r used the 
following thermal profile: initial denaturation of 5 minutes at 95°C, then 30 cycles of 1 min at 
95°C, 1 min at 55°C, and 1 min at 72°C, with a final extension step of 7 min at 72°C. PCR 
with anammox specific primers (An7f, An1388r; Table 2) used the following thermal profile: 
initial denaturation of 5 min at 95°C, then 30 cycles of 1 min at 95°C, 1 min at 63°C, and 1 
min at 72°C, with a final extension step of 7 min at 72°C. All PCR products were run on 1% 
agarose gels along with a 1 kb Plus DNA ladder (Invitrogen) to confirm the size and quantity 
of PCR products. 
DGGE used a 30% to 70% denaturing gradient in 10% acrylamide gels (C.B.S. 
Scientific Company). Gels were run for 14 hours at 85V according to a previously published 
protocol (Green et al., 2010). Bands were cut from the gel and sequenced at The Center for 
Applied Genomics (TCAG; ABI 3730XL sequencer). DGGE band sequences were manually 
edited to correct base miscalls, and primer sequences were removed prior to analysis.  
Anammox DGGE community profiles were subjected to UPGMA (Unweighted Pair 
Group Method with Arithmetic mean) cluster analysis using Pearson correlations of fingerprint 
densitometric curves with Gelcompar II (Applied Maths). 
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Illumina libraries were constructed according to a previously published protocol 
(Bartram et al., 2010) for both 7.5-m samples from the Zorra site (Z103 and Z106) in order to 
obtain in-depth coverage of the bacterial communities at this site. In brief, the hypervariable 
region (V3) was amplified with modified 341f and 518r primers (Bartram et al., 2010; Muyzer 
et al., 1993) in PCR amplifications using 20 cycles. For each library, triplicate PCR products 
with unique indexes were mixed in equal ng quantities, quantified and sent to Illumina 
(Hayward, CA) for 125-nucleotide paired-end multiplex sequencing. After sequencing, image 
analysis, base calling and error estimation were performed using Illumina Analysis Pipeline 
(version 2.6). Paired-end reads were assembled to form consensus ~200 base sequences 
(Bartram et al., 2010). All Illumina sequence data were submitted to the Short Reads Archive 
(SRA; NCBI) under accession number SRA030448. 
PCR for cloning was performed using the same reaction components as were used for 
DGGE (listed above). PCR with 27f and 1492r (Table 2; Lane 1991) used the following 
thermal profile: initial denaturation of 5 minutes at 95°C followed by 30 cycles of 1 min at 
95°C, 1 min at 55°C, and 2 min at 72°C, with a final extension step of 15 minutes at 72°C. All 
PCR products were run on 1% agarose gels along with a 1 kb Plus DNA ladder (Invitrogen) to 
confirm the size and quantity of PCR products. PCR products were cloned using a TOPO-TA 
cloning kit (Invitrogen) according to the manufacturer’s instructions. DNA sequencing of 
plasmid inserts was performed at the University of Washington (ABI 3700 sequencer) and the 
University of Waterloo sequencing facility (Applied Biosystems 3130xl Genetic Analyzer). 
The following number of clone sequences were obtained from cloning with An7f and An1388r: 
Zorra (Z103 and Z106 at 7.5 m depths): 171 sequences; Elmira composite: 146 sequences; 
SDP (all depths): 27 sequences. All DNA chromatograms from clone libraries and DGGE 
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bands were manually edited to verify base accuracy and trimmed to ensure only high-quality 
reads were included in subsequent analyses. Chimeric sequences were identified and removed 
using Bellerophon (Huber et al., 2004). To provide potential taxonomy for experimental 
sequences in phylogenetic analysis the top 100 blastn results (Altschul et al., 1997) for each of 
25 divergent experimental sequences were filtered to remove redundancy and added to the 
sequence data set. A Planctomycete outgroup sequence (EU703486) was also added for 
phylogenetic analysis. Sequences were aligned to a model of the bacterial 16S rRNA 
secondary structure using the program ssu-align v.0.1 (Nawrocki, 2009). The resulting 
alignment was trimmed to the majority consensus length of the experimental sequences and 
spanned 619 characters. The nucleotide model of sequence evolution used in phylogenetic 
analysis was determined by the AIC test implemented in jModelTest v.0.1.1 (Posada, 2008). A 
Maximum Likelihood phylogeny was derived using the PhyML v.3.0.1 (Galtier et al., 1996; 
Guindon & Gascuel, 2003), with the GTR model of sequence evolution (Tavaré, 1986) and 
estimated optimized parameters for the gamma distribution estimating rate variation (GTR+G). 
The approximate likelihood ratio test (aLRT) statistic in PhyML and 1000 Neighbour Joining 
bootstrap iterations using PAUP v.4b10 (Swofford, 2003) were used to provide support for the 
Maximum Likelihood topology. All DNA sequences were deposited in Genbank with the 
following accession numbers: clone libraries (Z, HQ595389-HQ595557; SDP, HQ595362-
HQ595388; E, HQ595558-HQ595705) and DGGE bands (Z, HQ595721-HQ595722; SDP, 
HQ595706-HQ595708, HQ595718-HQ595720; E, HQ595709-HQ595717).  
2.3 N-isotope incubations 
For N-isotope incubations, groundwater was collected from the Zorra and Elmira sites. 
Anammox rates were calculated using incubations of Elmira composite water and groundwater 
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from piezometer Z92 at Zorra. Estimates of N2 production represent an average among Elmira 
groundwater, wells 1, 3, 4, 5, 6, and 7, and an average among Zorra groundwater, wells Z92, 
Z95, Z122, Z124. 
Water was collected for measurement of N-species concentrations and for 
15
N-tracer 
incubation experiments. Groundwater samples for concentration measurements were filtered 
through a 0.45 µm syringe filter (Whatman) into polypropylene vials, and were stored on ice 
for transport to the laboratory, then were frozen (-20°C) until analysis. For 
15
N-labelling 
experiments, the protocol was modified from a previous publication (Dalsgaard et al., 2003). 
Briefly, groundwater was collected directly to 12-mL ―Exetainers‖ (Labco). In order to 
minimize oxygenation, the Exetainer was submerged into a container completely filled with 
ground water and neither headspace nor bubbles were observed in the Exetainer. Triplicate 
samples were collected for 
15
N-labeling experiments. Water temperature, dissolved oxygen 
(DO) and pH were measured in situ with portable multi-parameter field meters (VWR). 
The 
15
N-labeling experiments were begun immediately after return to the laboratory 
(less than 2 hours). For these, 3 mL of water was withdrawn by syringe to generate a 
headspace. Each Exetainer was flushed with high purity helium for at least 15 min to remove 
background N2 and dissolved O2 and N2. 
15
N-enriched compounds were added by syringe to a 




NO3 (all >99% 
15
N; Sigma-
Aldrich). Although the final concentration of enriched 
15
N varied in previous studies (ranging 
from 40 µmol L
-1
 to 10 mmol L
-1
; Dalsgaard et al., 2003; Galán et al., 2009; Thamdrup et al., 
2006), the concentration in the current study was higher because background 
14
N mixing ratios 
in the collected samples can reach up to 20 mmol L
-1
. An additional incubation was carried out 
without any tracer addition as a control to confirm that the incubation system functioned as 
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monitored for three days to confirm an absence of gas production. 
15
N-labelling experiments 
were performed in November 2009 and were incubated in the dark at 15°C, which was an 
















N ratios were determined by gas chromatography-isotope ratio mass spectrometry 
(GC-IRMS) and calculated as excess above their natural abundances (Thamdrup & Dalsgaard, 
2000) (GG Hatch isotope laboratory, University of Ottawa). Samples were incubated with 
labeled isotopes for three months, during which time the N2 headspace gas in the Exetainer was 
measured approximately every two weeks.  
The concentration of NH4
+
 was measured before and after incubation by a salicylate 





 were determined by ion chromatography (DX100 IC, 
Dionex). The intermediate products of anammox reaction, hydroxylamine and hydrazine, were 
determined according to the methods of Frear and Burrel (1955) and Watt and Chrisp (1952), 
respectively. The detection limits for hydroxylamine and hydrazine are 0.25 and 0.05 mg L
-1
, 






 are 0.025 mg L
-1





, respectively. The molar fractions of 
15




 (Fx) were 
calculated by comparing the initial concentrations of each nitrogen species and the increase in 
concentration subsequent to the addition of labeled 
15
N.  









 and the rates of denitrification were 









. The anammox contribution to total N2 production was calculated by 
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 pool. In 
addition to the above, a mathematical methodology for calculating the contribution of 













3.1 Quantitative PCR 
 Quantitative PCR using anammox-specific primers (Amx368f and Amx820r) was used to 
provide an estimate of abundance of anammox bacteria relative to the total bacterial 
community (Figure 2). The qPCR demonstrated that anammox 16S rRNA gene copies 
represented 5.2 – 20.8% of the bacterial 16S rRNA gene copy numbers at the Zorra site, 5.1 – 
10.1% of the 16S rRNA gene copies at the SDP site, and 4.6% of the 16S rRNA gene copies in 
the Elmira composite sample (with values ranging between <0.00% and 15% among the 
samples derived from individual wells at Elmira). Subsequent sampling of wells Z103 and 
Z106 in 2009 showed similar abundances of anammox targets (data not shown). The relative 
abundance of anammox 16S rRNA gene copies at Elmira was lower on average than that of 
Zorra, but was approximately equal to that of the SDP site. A background piezometer nest 
(Z86) at the Zorra site, which was influenced by agricultural activity but not the manure 
lagoon, had between one and five orders of magnitude fewer anammox gene copies than for 
the ammonium-impacted wells. PCR products from Z86 were not cloned and sequenced, so it 
is possible that amplification in the background well is not specific for anammox sequences. 
The efficiency of general bacterial and anammox qPCRs were 88.9% and 84.6%, with 
R
2
 values of 1.00 and 0.998, respectively. Clone library analysis of qPCR products 
demonstrated that the assay was highly specific: more than 97% of cloned amplicons were 




Figure 2. Comparison of anammox or bacterial 16S rRNA gene copies per nanogram genomic 
DNA at all three sites. Z = Zorra; E = Elmira; SDP = Calgary; * = ―background‖ well located 






 The prevalence of anammox bacteria was confirmed with the DGGE data generated in this 
study (Figure 3). Dominant bands in the anammox-specific and general bacterial 16S rRNA 
gene profiles were chosen for sequencing. Of 25 sequenced DGGE bands, 18 sequences 
grouped closely with putative anammox sequences, or with known anammox reference 
sequences, and 5 of 6 non-anammox bands were chosen from general bacterial 16S rRNA gene 
DGGE profiles. Anammox bands were detected by sequencing bands from general bacterial 
DGGE for samples SDP (4.0 m), Z103 (5.1 m), and Elmira well 3. DGGE data suggest that 
anammox organisms were prevalent members of the microbial community at all three sites 
because bands with anammox identity (Table 3) were visible in general bacterial 16S rRNA 
gene profiles (Figure 3). Community profiles from piezometers Z103 and Z106 were highly 
similar and agreed with results from Illumina libraries (see below); there was little apparent 
difference between these two piezometers. DGGE patterns from three depths at the SDP site 
were nearly identical, and showed very little variation in community composition with depth 
(Figure 3). For the Elmira site, DGGE profiles indicate that the communities of bacteria at each 
well were distinct and that these communities within the plume were more heterogeneous than 
at the Zorra or SDP sites. Most of the predominant bands in the individual Elmira wells were 




Figure 3. Anammox and general bacterial 16S rRNA gene fingerprints from all three field 
sites, obtained by denaturing gradient gel electrophoresis (DGGE). Black triangles indicate 
sequenced bands clustering within 95% similarity to known anammox reference sequences. 
Gray triangles indicate bands with putative anammox identity (i.e. closest BLAST search result 
of ―uncultured anaerobic ammonium oxidizing clone‖ or similar). White triangles indicate 
bands that yielded sequences that did not affiliate with anammox bacteria. See Table 3 for band 
identities. Z = Zorra; SDP = Calgary; E = Elmira 
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Table 3. Closest anammox relatives to sequenced DGGE bands according to Genbank search 
results. 
DGGE band Similarity (%) Genbank reference sequence (accession number)* 
1 97% Uncultured anaerobic ammonium oxidizing bacterium (FJ213995) 
2 100% Uncultured anaerobic ammonium oxidizing bacterium (FJ213995) 
3 97% Uncultured anaerobic ammonium oxidizing bacterium (FJ213995) 
4 100% Sphingomonas (HM346205) 
5 98% Uncultured bacterium clone (EU746741) 
6 97% Uncultured bacterium clone (HM593811) 
8 100% Uncultured bacterium clone (HM146607) 
9 100% Uncultured anaerobic ammonium oxidizing bacterium (FJ213992) 
10 98% Uncultured bacterium clone (GQ495463) 
11 98% Candidatus Kuenenia stuttgartiensis (AF375995) 
12 96% Candidatus Kuenenia stuttgartiensis (AF375995) 
13 97% Candidatus Scalindua sp. enrichment culture clone (EU142947) 
14 97% Uncultured anaerobic ammonium oxidizing bacterium (FJ213995) 
15 98% Uncultured anaerobic ammonium oxidizing bacterium (FJ213995) 
16 99% Uncultured anaerobic ammonium oxidizing bacterium (FJ213995) 
17 99% Uncultured anaerobic ammonium oxidizing bacterium (FJ213995) 
18 99% Uncultured anaerobic ammonium oxidizing bacterium (FJ213995) 
19 100% Uncultured bacterium clone (EU431780) 
20  Failed sequencing reaction 
21 100% Uncultured anaerobic ammonium oxidizing bacterium (FJ213995) 
22 100% Uncultured anaerobic ammonium oxidizing bacterium (FJ213995) 
23 100% Uncultured anaerobic ammonium oxidizing bacterium (FJ213995) 
24 97% Candidatus Brocadia fulgida (DQ459989) 
25 98% Candidatus Scalindua marina clone (EF602039) 
26 100% Uncultured bacterium clone (HQ271309) 
28 97% Candidatus Brocadia fulgida (DQ459989) 
* Closest ―Candidatus‖ known anammox sequence present in BLAST search results having 
highest match (i.e. 100%) to full length DGGE band sequences. Refer to Fig. 3 for DGGE band 
numbers.   
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3.3 Clone libraries 
 In order to investigate the ―background‖ bacterial communities associated with DNA extracts 
from each of the samples included in this study, small clone libraries were created with general 
bacterial 16S rRNA gene primers (27f and 1492r; Figure 4). The samples from each of the sites 
generated distinct clone libraries. Although Betaproteobacteria represented the dominant 
phylum in most of the libraries, other phyla varied widely in their relative abundances (e.g. 
Acidobacteria, Firmicutes, Deltaproteobacteria and Gammaproteobacteria). Notably, 
Planctomycete sequences were predominant in seven of ten sample libraries, possibly 
increasing with depth at the Zorra site. Although Planctomycete sequences were detected in 
most libraries, only one putative anammox sequence was identified, affiliated with one of the 
sample libraries (Z103, 7.5 m; 92% similarity to Ca. Brocadia fulgida). Subsequent 
bioinformatic analysis revealed several mismatches of the general bacterial primers (27f, 
1492r) to anammox type strains (data not shown), which would result in anammox being 
underestimated in these libraries.  
In order to better characterize the diversity of anammox bacterial communities, clone 
libraries were constructed with primers An7f and An1388r, which target the 16S rRNA gene of 
the anammox organisms Ca. Scalindua, Ca. Brocadia and Ca. Kuenenia (Penton et al., 2006). 
The following number of clone sequences were obtained from cloning with An7f and An1388r: 
Zorra (Z103 and Z106 at 7.5 m depths): 171 sequences; Elmira composite: 146 sequences; 
SDP (all depths): 27 sequences. The retrieved 16S rRNA gene sequences were aligned to 
known anammox sequences to construct a phylogenetic tree (Figure 5). For the samples 
included in this study, this primer set was specific to anammox bacteria (Table 4). Anammox 
sequences from all three contaminated groundwater sites demonstrated that the community 
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compositions differed between sites. At the Southland Dog Park field site, one phylotype of 
anammox bacteria (belonging to the Candidatus Brocadia genus) dominated the clone library. 
The dominance of Ca. Brocadia was also evident at the Zorra site, where the vast majority (164 
of 171) of anammox sequences also grouped with known Ca. Brocadia reference sequences, 
and five of the remaining clones grouped with known Ca. Scalindua anammox sequences. The 
diversity of anammox sequences was highest in the Elmira composite library, with four of the 
five known genera of anammox sequences represented. Nonetheless, Ca. Brocadia clones 
outnumbered all other anammox genera sequences combined in the Elmira library. 







Z103 (7.5 m) 98 
Z106 (7.5 m) 100 
E (composite) 86 
SDP (4.0 m) 100 
SDP (5.0 m) 100 




Figure 4. Distribution of phyla in general bacterial 16S rRNA gene clone libraries from 
Elmira, SDP, and Zorra sites. Small numbers beside pie charts represent the number of clones 
in each library. 
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Figure 5. Maximum Likelihood phylogeny of groundwater anammox sequences from all three 
sites aligned with known anammox reference sequences acquired from GenBank. Numbers in 
brackets represent the number of clones identifying with each cluster. Pie chart insets represent 
the proportion of sequences within the corresponding clade that were obtained from each field 
site. Node support values correspond to aLRT and neighbour joining bootstrap values 
respectively, with dashes representing values < 0.5 (aLRT) or 50 (bootstrap). Scale bar 
represents the number of nucleotide substitutions per site. Asterisks represent unknown 
lineages of exclusively experimental sequences. 
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3.4 Illumina libraries  
Circumventing the limitations of using 27f and 1492r, in addition to qPCR of all samples (see 
above), I used primers with near perfect matches to most anammox sequences (341f and 518r) 
to amplify 16S rRNA genes from all bacteria. This approach generated approximately 100,000 
~200-base sequences from each of the two 7.5-m depths in the Zorra site (see Appendix A). 
Both Illumina libraries were set up as local BLAST databases. These BLAST databases were 
queried with anammox sequences (retrieved from these samples using anammox specific 
primers An7f and An1388r; see below). Zorra anammox sequences represented 6.8% (7342 of 
107 777) and 6.7% (6427 of 95 873) of the total number of sequences in Illumina libraries 
from Z103 (7.5 m) and Z106 (7.5 m), respectively. Anammox bacterial identity was associated 
with the fourth most abundant bacterial sequence in both groundwater Illumina libraries. Still, 
these proportions may be underestimates of anammox bacterial relative abundance if the 16S 
rRNA copy numbers in anammox bacteria (e.g. one copy in Ca. Kuenenia stuttgartiensis 
genome; Strous et al., 2006) are compared to the average copy number of other bacterial 
community members (4.02 copies per cell; Klappenbach et al., 2001). 
The Illumina libraries also suggested the presence of denitrifying bacteria at the Zorra 
site (Appendix A). Sequences were sorted according to their frequency in Illumina libraries; 
for both libraries the top 10 most abundant sequences included sequences belonging to orders 
with cultured denitrifying representatives. In the Z103 and Z106 Illumina libraries, the most 
abundant ten sequences in both libraries included members of the genera Herbaspirillum, 
Pseudomonas and Methylophilus. Sequences from these genera were previously associated 
with denitrifying reactors, or have known denitrifying activity (Ginige et al., 2004; Ishii et al., 
2009; Körner & Zumft, 1989). The groundwater chemistry provides additional support for the 
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possibility of denitrification. Apart from the anammox sequences that were not correctly 
assigned within the RDP-II (i.e. anammox sequences classified as ―Chlamydiae‖), the other 
sequences in the top 10 had genus-level confidence scores (SAB) below 0.5, so their identities 
remain unknown. 
3.5 Isotope incubations.  
N-isotope incubation experiments were performed for Zorra and Elmira sites. Incubation of 








N (Figure 6a,c), which 
 

















N (solid triangle) in the incubation vial headspace with 
samples from Zorra site. 
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N was detectable after 1 week but 
was very slow in groundwater samples from both sites, and a prolonged incubation time was 
required to determine the anammox reaction rate (approximately three months). At the end of 
the incubation time, the highest δ
15
N was 14 300‰. At the Zorra site,
 













N production corresponded well with the anammox rate at both sites, as expected 
(Dalsgaard et al., 2003; van de Graaf et al., 1995; Thamdrup & Dalsgaard, 2002).  








N accumulation did not occur at either Zorra or 
Elmira site, which would have signified nitrification followed by denitrification or anammox. 









N2, and a very low concentration of 
28
N2 were 






















active and strong denitrification processes (Figure 6d). The application of Spott and Stange’s 
comprehensive approach (which considers the contributions of anammox, denitrification, and 
atmosphere to an N2 mixture based on a 
15
N tracer technique; 2007) in our study showed that in 




, anammox contributed 18.0 ± 6.5% of N2 gas production in Zorra and 









, 21.4 ± 11.5% and 32.7 ± 15.6% of produced N2 was from anammox 
at Zorra and Elmira sites, respectively (Figure 7). Hydroxylamine and hydrazine (anammox 
reaction intermediates) remained below detection limits throughout the incubations for samples 
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taken from both study sites, which is expected given that these intermediates are sequestered 
within the anammoxosome (Sinninghe Damsté et al., 2002). 
 
Figure 7. Calculated contributions of anammox and denitrification to microbiologically 








 labeling experiments at the Elmira and Zorra sites. Error 





Anammox bacterial communities are responsible for substantial attenuation of nitrogen from 
aquatic and terrestrial environments. Groundwater contamination by ammonium can lead to 
contamination of surface waters and receiving water bodies, or impact groundwater serving as 
a source of drinking water. In a previous study, Clark and colleagues (2008) suggested that 
anammox bacteria were responsible for attenuation of ammonium in heavily contaminated 
groundwater, based on a study of the native 
15
N-isotope ratios—these observations were made 
at the Elmira field site, where our molecular data indicate that anammox diversity was highest 
(Figures 3, 5).  
This study provides direct molecular evidence of the presence of a diverse assemblage 
of anammox performing organisms at the Elmira site and two additional contaminated 
groundwater locations, and marks the first combined isotope- and molecular-based 
confirmation of anammox communities in contaminated groundwater environments. Previous 
studies of anammox bacteria in contaminated aquifers have focused on single sites, and lacked 
the addition of isotope-based techniques to verify the activity of these organisms (Humbert et 
al., 2010; Smits et al., 2009). 
There are five known genera of uncultured bacteria that perform anammox, and each 
appears to have its own niche for optimal growth in both natural and engineered environments. 
Candidatus Scalindua (Kuypers et al., 2003) has been observed in natural marine environments 
such as oxygen minimum zones, sediments and freshwater lakes (Dalsgaard et al., 2005; 
Penton et al., 2006; Schmid et al., 2007; Schubert et al., 2006; Woebken et al., 2008); other 
members of the same genus were found in wastewater treatment reactors and in laboratory 
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scale reactors (Li et al., 2009; Schmid et al., 2003). Three genera have been associated with 
both natural and reactor-type environments: Candidatus Jettenia (Dale et al., 2009; Quan et al., 
2008), Candidatus Brocadia (Dale et al., 2009; Strous et al., 1999) and Candidatus Kuenenia 
(Amano et al., 2007; Dale et al., 2009; Kartal et al., 2006; Schmid et al., 2000). The remaining 
genus, Candidatus Anammoxoglobus, has thus far been identified only in a laboratory scale 
reactor (Kartal et al., 2007b). 
Anammox organisms have slow growth rates and are recalcitrant to pure culture 
growth. As a result, molecular techniques help identify these organisms in mixed communities. 
PCR of environmental DNA extracts with general bacterial primers to generate clone libraries 
has been shown to underestimate the proportion of anammox organisms in the environment 
due to mismatches with ―universal‖ primers; however amplification based-methods for 
detection of anammox organisms are easily applied, and can be more successful than FISH for 
identifying anammox in low abundance samples (Schmid et al., 2005). Thus, anammox 
population sizes may be greater than estimated due to known mismatches of anammox 
organisms with several primer sets.  
Quantitative real-time PCR was performed with anammox specific (Amx368f and 
Amx820r) primers that were originally designed as FISH probes, and have been adapted for the 
detection of anammox organisms in environmental DNA extracts. Together these primers are 
designed to target anammox organisms belonging to Candidatus genera Brocadia and 
Kuenenia (Schmid et al., 2000), and were chosen for this study because clone library data 
suggest that the majority of anammox sequences retrieved from our three field sites are Ca. 
Brocadia-like sequences. The qPCR results suggest that maximum anammox 16S rRNA gene 
abundances ranged between 10.1 and 20.8% of the total bacterial 16S rRNA genes at all three 
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sites considered in this study. Anammox 16S rRNA gene copy numbers were highest at the 
Zorra site, and were comparable at the Elmira site (select wells only) and SDP site. There was 
a wide range in anammox abundance among the wells at the Elmira site. Samples collected 
from the Zorra site in 2009 showed the same consistently high proportion of anammox 
organisms in the total bacterial community, indicating prevalence and temporal stability of 
anammox bacteria within the groundwater community. All of these results may be 
underestimates of actual anammox bacterial relative abundance if the rRNA copy numbers in 
anammox bacteria (e.g. one copy in Ca. Kuenenia stuttgartiensis genome; Strous et al., 2006) 
are compared to the average copy number of other groundwater bacterial community members, 
which is likely higher than one. 
In this study I developed a method for assessing anammox community distribution 
using DGGE because previously published protocols (Sànchez-Melsió et al., 2009) were 
unsuccessful at retrieving anammox bands, or extant primers were not anammox specific 
(Pla46f; Innerebner et al., 2007). A ―nested‖ PCR approach was used—where anammox 16S 
rRNA genes were amplified before applying a GC-clamp using general bacterial 16S rRNA 
gene primers. This permitted successful retrieval of anammox bands from DGGE gels. In 
addition, bands from general bacterial 16S rRNA gene profiles were directly comparable to 
anammox profiles because bands migrated to the same location (relative to DGGE ladder 
bands) for both gels (Figure 3); it was possible to see the location of anammox bands in the 
general bacterial profiles. It is important to note that some caution should be taken when using 
this approach. In samples with low relative anammox DNA, primers An7f and An1388r have 
been known to amplify DNA from other organisms (Dale et al., 2009; Junier et al., 2010; Li et 
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al., 2010). For these samples, high anammox sequence retrieval was confirmed by cloning and 
sequencing the PCR products from amplification with An7f and An1388r (Table 4). 
Known anammox reference sequences have only one mismatch with 341f and no 
mismatches with 518r (data not shown). The Illumina library and qPCR data estimated that 
anammox organisms represented 6.8 or 8.5% of the total bacterial community at the Zorra site 
(Z103, 7.5 m), respectively, and qPCR data suggested that anammox bacteria represented 
between 4.6 and 20.8% of the bacterial community across all ammonium-impacted sites 
included in this study, excluding two samples (E 4 and E 5) with <0.25% anammox.  
The diversity of anammox bacteria in aquatic environments is determined by the 
surrounding environment; anammox communities shift in response to salt concentration 
(Kartal et al., 2006) and available carbon substrates (Kartal et al., 2007b). There appear to be 
niches typically occupied by different genera of anammox bacteria, and several studies have 
concluded that the anammox populations acting in a single environment have very low 
diversity (Kartal et al., 2006; Kartal et al., 2007b). High diversity of anammox organisms (like 
that seen at the Elmira site) was observed once in the Cape Fear estuary (Dale et al., 2009). Ca. 
Brocadia and Ca. Kuenenia were present in the freshwater reaches of the estuary, while Ca. 
Scalindua organisms dominated in the saline end of the estuary; a correlation existed between 
the distribution of anammox organisms and salt concentration. Groundwater is not saline at 
these sites (EC <2450 μS cm
-1





 which could contribute to higher EC values at this site (Clark et 
al., 2008). The dominant organisms at all three sites belonged to the Ca. Brocadia genus, 
which primarily represent freshwater organisms. Ca. Scalindua is commonly associated with 
marine environments (Woebken et al., 2008), however these organisms have been detected in 
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freshwater environments as well (Schubert et al., 2006). A small proportion of anammox 
clones grouped with the Ca. Scalindua genus at Zorra and Elmira sites (Figure 5). Ca. Jettenia 
and Ca. Kuenenia clones were identified at only one field site (Elmira). Ca. Kuenenia is also 
recognized as a freshwater genus of anammox bacteria (Kartal et al., 2006). No clone library 
data exist for the distribution of anammox genera among individual wells at the Elmira field 
site, however sequenced DGGE bands revealed Ca. Brocadia in the composite sample, Ca. 
Kuenenia in well 5 and Ca. Scalindua in well 1. In combination with DGGE results, these 
observations suggest the possibility of site-specific heterogeneity in anammox bacterial 
distributions.  
High anammox diversity at the Elmira site may be explained by location-specific 
characteristics. The heterogeneous Elmira field site contained the only phylotypes not 
associated with known or proposed taxa (Figure 5), which suggests that diversity of anammox 
sequences may be high in other similar sites. Investigations of such locations may identify 
other novel lineages of anammox bacteria. Groundwater contamination at Elmira has 
potentially been present for over 100 years, and the sampling wells cover an area within the 
plume of ~ 5100 m
2




 at the site are derived from two 
different high-strength sources, which are variably diluted as they mix with local groundwater 
to form gradients and pockets of high and/or low substrate. The age of the plume, combined 
with the large area of coverage and the heterogeneous substrate availability likely produces 
many small niche environments that may meet the needs of the different genera of anammox 
organisms present on site. The possibility of anammox organisms growing in niches of natural 
environments is supported by the literature (Kartal et al., 2006). A large, long-lasting plume of 
ammonium-contaminated groundwater may provide these niches for anammox organisms. 
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DGGE profiles of the communities at each well at the Elmira site were distinct, with a few 
shared bands, suggesting that the bacterial community at each well location is diverse and 
different from other wells at Elmira. As mentioned above, identification of three Candidatus 
genera (Brocadia, Kuenenia, and Scalindua) in three separate wells at Elmira further suggests 
the possibility of niche development in the heterogeneous site. 
In addition to biomarker-based evidence for anammox in ammonium contaminated 













provides stoichiometric evidence for N2 production by the anammox reaction (van de Graaf et 




N would signify nitrification coupled with 
either denitrification or anammox. Isotope data suggest that anammox organisms are 
responsible for 32.7 ~ 35.7% of N2 production at the Elmira field site, and 18.0 ~ 21.4% at the 










 in the anoxic water column of Golfo Dulce, which are comparable to the reaction rates 
observed in these contaminated groundwater sites. Many lower rates have been found in 




; Thamdrup et al., 
2006) and in the Black Sea (~7 nmol d
-1
; Kuypers et al., 2003). Our results are within the 




 (Hamersley et 




N accumulated linearly and stably with time without a lag phase, 
which indicates that anammox was the active process and no intermediates were involved in 
the reaction (Galán et al., 2009). Low substrate concentrations in Zorra samples (e.g. NH4
+
; 
Table 1) might explain the suppression of anammox activity with time. These relatively high 
N2 production rates by anammox suggest that anammox bacteria are important members of the 
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microbiological community at ammonium contaminated groundwater sites, and are important 
players in the nitrogen cycle of groundwater systems. To date, the reported relative 
contributions of anammox to N2 production have been variable; the highest value was reported 
in marine sediments in Denmark (67%; Dalsgaard & Thamdrup, 2002).  
At the Zorra site, isotope evidence suggests that the production of N2 was due to the 
activity of both anammox and denitrifying organisms. The concurrent growth of denitrifiers 
and anammox is commonly observed (Song & Tobias, 2011) because both kinds of organisms 





substrates). Results from Illumina libraries support this observation because the 16S rRNA 
genes of putative denitrifying organisms were among the most dominant sequences retrieved. 
Some organic carbon sources inhibit the growth of anammox organisms, while many 
denitrifiers require an organic carbon source as a reductant. Unfortunately, DOC was not 
measured during these experiments, so we were not able to correlate the anammox reaction rate 
to organic carbon present in the groundwater. Further research into the environmental factors 
affecting differential contributions of denitrifiers and anammox bacteria in groundwater should 
include measurements of DOC values in addition to the abundance and expression of 
denitrification functional genes. 
Anammox bacterial communities are implicated in losses of nitrogen from aquatic and 
terrestrial environments worldwide. Groundwater contamination by ammonium most often 
occurs by anthropogenic activities, and has the potential to negatively impact surface water and 
aquifers which supply drinking water. This study is the first to present joint molecular and 
isotopic data to identify diverse and active anammox bacterial communities in ammonium 
contaminated groundwater. Previous studies of anammox communities in groundwater yielded 
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very few anammox sequences, and did not involve activity measurements (Humbert et al., 
2010; Smits et al., 2009). 
Confirming the presence and activity of anammox bacteria opens up the possibility of 
modifying the designs of engineered systems that treat nitrogen-rich sources such as septic 
systems, manure handling facilities and groundwater permeable reactive barriers to enhance 
the anammox reaction (Aravena & Robertson, 1998).
 
The importance of such an engineered 
design would be to help protect surface waters from NH4
+
-impacted groundwater in a one-step 




5.0 Conclusions and Future Research 
5.1 Conclusions 
The research conducted in this thesis involved the characterization of anammox-performing 
bacteria at three ammonium-contaminated groundwater sites in Canada. The source of 
ammonium contamination varied between the sites (Zorra: compost; Elmira: chemical and 







) and anoxic conditions required for anammox metabolism. The 
methods used to assess these communities (sequencing, DGGE, qPCR, isotope-based 
incubations) were combined to minimize bias and strengthen the interpretation of data resulting 
from this study. This work builds on initial isotopic evidence obtained for the anammox 
reaction in NH4
+
-impacted groundwater at the site of a former fertilizer operation in Elmira, 
Ontario, Canada (Clark et al., 2008). This research is the first to show diverse and active 
groundwater anammox organisms via coupled 
15
N labeling incubations and biomarker-based 
evidence. 
My original hypotheses were that ammonium contaminated groundwater sites would 
harbour anammox performing communities related to freshwater genera. The hypothesis was 
confirmed because all three contaminated groundwater sites examined revealed anammox 
organisms which were detectable with traditional molecular methods. Candidatus Brocadia-
like sequences were present at all field sites (Figure 4). The dominance of Ca. Brocadia was 
expected because Brocadia-like sequences are often identified in freshwater environments and 
were identified in groundwater previously (Humbert et al., 2010; Smits et al., 2009) but with 
lower diversity than at the Elmira site. Scalindua-like sequences were also present at three of 
 54 
the sites and have been detected in freshwater previously (Hamersley et al., 2009; Schubert et 
al., 2006), despite the tendency of Ca. Scalindua to inhabit marine environments (Woebken et 
al., 2008).  
I also hypothesized that anammox organisms would make up an appreciable proportion 
of the microbial community in ammonium contaminated groundwater. Results generated by 
three complementary methods confirmed this hypothesis. Illumina sequencing results indicated 
that anammox-like sequences accounted for approximately 7% of the bacterial community at 
Zorra (see Appendix A), and qPCR revealed that anammox-like sequences make up as much as 
20% of the bacterial populations across the three sites studied with this technique (Figure 2). In 
addition, a visual comparison of general bacterial and anammox specific DGGE profiles shows 
that anammox bands are visible and often dominant in the general bacterial 16S rRNA profile 
(Figure 3). These data all suggest that anammox organisms are prevalent community members 
in ammonium-contaminated groundwater.  
This research was performed in collaboration with Dr. Ian D. Clark and Dr. Yangping 
Xing at the University of Ottawa, who conducted 
15
N-isotope incubations to determine the 
activity of anammox bacteria in groundwater incubations. These techniques permitted 
differentiation between anammox- and denitrification-generated N2, and the results suggested 
that anammox organisms were active and potentially responsible for ~18 and 35% of N2 
production at Elmira and Zorra sites, respectively. These results agreed with biomarker-based 
evidence, and confirmed the presence and activity of anammox bacteria in contaminated 
groundwater. Future research will assess the generality of these findings to additional 
contaminated sites, and include multivariate statistics to help identify controls on anammox 
bacterial community diversity and composition. 
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The molecular techniques applied in these experiments relied on the detection of 
bacterial 16S rRNA genes in contaminated groundwater environments. The 16S rRNA gene is 
a commonly used target for detection and quantification of bacteria and archaea in 
environmental samples. The 16S rRNA genes of anammox organisms are known to have 
mismatches with commonly used ―universal‖ bacterial primers (as seen with primer pairs 27f, 
1492r, 341f and 518r used in this study). In addition, the 16S rRNA genes within anammox 
Candidatus genera vary (~85% similarity between Ca. Brocadia and Ca. Kuenenia), and 
primers targeting all known anammox genera lack specificity when applied to environmental 
samples (Jetten et al., 2003). The primers Amx368f and Amx820r are used heavily for the 
detection of anammox-like sequences in environmental samples (Amano et al., 2007; Dale et 
al., 2009; Li et al., 2010; Penton et al., 2006) and were used in qPCR detection of anammox 
sequences in this study. Despite collecting target sequences closely related to known genera, 
unknown anammox genera may remain undetected due to lack of primer specificity. Newly 
designed anammox-specific 16S rRNA gene primers, in an attempt to capture all anammox 
diversity, may also target non-anammox sequences when applied to environmental samples 
(Dale et al., 2009; Li et al., 2010; Penton et al., 2006). Despite bias in using the 16S rRNA 
gene to detect anammox bacteria, these primers continue to be useful for environmental 
surveys of anammox bacteria and future research will decrease bias by continuing to modify 
primers as new sequences are retrieved.  
This study could have been improved by including additional samples from within one 







, DO, and pH), followed by molecular and isotopic analyses as conducted in this study. 
Such a comprehensive survey would provide more detailed information about the distribution 
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and activity of anammox bacteria across the sites. Ideally, the final goal would be to map 
anammox community distribution, abundance, and activity within and along the plume, and 
study changes in the communities over multiple years. The objective of the current study was 
limited to identifying the presence and diversity of anammox bacteria and even with the 
number of samples obtained, coordination of sampling for concurrent chemical, molecular, and 
isotopic analyses was challenging. Future work should include additional samples, and sites, 
and make use of multivariate statistics so that the relationship between site-specific 
characteristics (e.g. salinity, N-loading) and phylogeny can be tested explicitly. The aim would 
be to identify controls on anammox bacterial community diversity and composition. 
5.2 Considerations for future investigations 
This study of 16S rRNA genes to detect the presence of anammox organisms in groundwater 
was conducted in parallel with 
15
N stable-isotope work to determine anammox activity 
(Yangping Xing, University of Ottawa). When used in tandem, these techniques confirmed the 
presence of anammox-like sequences, and provided isotopic evidence for the anammox 
reaction. This study would have yielded more information if I had compared anammox 
abundance and diversity, as well as activity, along the length of the contaminant plume. To 
assess the feasibility of such an approach, a current study in the Neufeld lab has begun to 
examine soil-associated anammox bacterial diversity and activity in an agricultural field with 
varying drainage practices, and will apply DGGE and qPCR techniques described in this thesis, 
as well as 
15
N stable-isotope techniques and soil physicochemical measurements. By a 






, DO, and pH 
measurements, we are beginning to assess the factors controlling anammox abundance and 
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diversity. Anammox activity can also be detected by measuring the production of functional 
gene products by RT-qPCR. 
Using molecular methods alone, it is also possible to detect active anammox organisms 
using FISH, and to quantify their activity using RT-qPCR. FISH is often used to monitor 
enrichment in anammox reactors, but this technique suffers from a high signal threshold, and 
the fluorescent signal is often quenched when FISH is applied to environmental samples. 
Indeed, FISH was attempted using groundwater samples collected from the Zorra site, but 
image quality was very low due to high levels of background signal (work performed by Elif 
Tekin, University of Ottawa). Perhaps identifying alternative sample preparation methods 
would improve this technique; organic matter is the suspected source of high levels of 
background signal on filters prepared for FISH (personal communications with Danielle Fortin 
and Elif Tekin).  
Most of the methods used in this research rely on molecular detection of nucleic acids 
present within the environment. The approaches do not directly demonstrate whether detected 
populations are directly involved in the measured activities. Alternative methods such as DNA 
stable-isotope probing (DNA-SIP) provide a culture-independent and probe-independent tool 
to enrich and detect autotrophic anammox activity in mixed communities. This technique is 
used to enrich the DNA of active organisms involved in assimilating a fully labelled 
13
C 
substrate, and uses density gradient ultracentrifugation to separate heavy DNA from light 
DNA. When used in conjunction with DGGE, one could detect whether anammox cells were 
actively assimilating CO2 (while oxidizing ammonium to N2), as well as monitor their 
enrichment over time. Future research could include DNA-SIP using 
13
CO2 to identify active 
anammox populations from contaminated groundwater at the sites studied in this thesis 
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research. For example, this method could identify the anammox genera that assimilate the most 
CO2 at the Elmira site, under varying experimental conditions (e.g. inorganic N concentrations, 
temperature, presence/absence of DOC). The feasibility of using DNA-SIP to identify 
anammox bacteria has not yet been demonstrated, however this approach has been applied to 
the study of active AOA and AOB communities (Pratscher et al., 2011; Tourna et al., 2010; 
Zhang et al., 2011), and is a promising approach for detection and quantification of anammox 
bacteria in natural environments (Li & Gu 2011).  
Anammox has been confirmed at three groundwater contaminated sites, and this 
activity in contaminated groundwater suggests implications for modifying the designs of 
engineered systems that treat nitrogen-rich sources such as septic systems, manure handling 
facilities and groundwater permeable reactive barriers (Robertson & Cherry, 1995; Vlaeminck 
et al., 2009). Indeed, Lucas Carson (an MSc student in Earth and Environmental Sciences at 
the University of Waterloo) is currently working at the Zorra site, and is attempting to enrich 
anammox bacteria in an underground reactor fed with local groundwater and exposed to a 
range of environmental conditions like changes in temperature and groundwater flow. He is 






, and has collected 
water samples at one-month time intervals for analysis by qPCR. The goal of his project is to 
monitor the enrichment of anammox organisms over time and learn how to enhance this 
reaction and lead to natural attenuation of ammonium. On a larger scale, the anammox reaction 
is applied in full scale wastewater treatment in the Netherlands (van Dongen et al., 2001), and 
can be applied in combination with other bacterial groups to treat wastewater using the 
OLAND (Vlaeminck et al., 2009), SHARON (van Dongen et al., 2001), and CANON (Third et 
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al., 2001) treatment methods. The anammox process can provide a less costly and more 
efficient method for removing nitrogen from a variety of effluent sources.
 
Over the last 15 years, the discovery and study of anammox bacteria has revolutionized 
our understanding of the nitrogen cycle, and new techniques have been developed to exploit 
their natural capacity for N-attenuation. Their presence in a wide variety of aquatic and 
terrestrial environments demonstrates the adaptability and prevalence of anammox bacteria 
worldwide. Groundwater can be contaminated by anthropogenic nitrogen from a variety of 
sources (Böhlke et al., 2006; Minnesota Pollution Control Agency, 2001; Rudolph et al., 
1998), and this study clearly demonstrated that anammox bacteria have adapted to the habitat 
provided by contaminated groundwater. In contrast to previous studies which provided limited 
biomarker based evidence of anammox bacteria in groundwater (Humbert et al., 2010; Smits et 
al., 2009), I have also demonstrated that anammox bacteria are prevalent and active bacterial 
community members in contaminated groundwater, and that these communities can be highly 
diverse within a single site. All sites were dominated by Ca. Brocadia, an anammox genus 
which is most commonly detected in other freshwater environments. Anammox bacteria were 
detected at all study sites, which suggests that anammox bacteria may be active at other similar 
locations, and are already involved in natural attenuation of ammonium. This research suggests 
the possibility of leveraging the natural abundance of anammox bacteria in contaminated 
groundwater to engineer reactive-barrier based solutions for remediating the impacts of 





Altschul S. F., T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang, W. Miller, and D. J. Lipman. 
1997. Gapped BLAST and PSI-BLAST: A new generation of protein database search 
programs. Nucleic Acids Res. 25:3389-3402. 
Amano T., I. Yoshinaga, K. Okada, T. Yamagishi, S. Ueda, A. Obuchi, Y. Sako, and Y. Suwa. 
2007. Detection of anammox activity and diversity of anammox bacteria-related 16S rRNA 
genes in coastal marine sediment in Japan. Microbes Environ. 22:232-242. 
Aravena R., and W. D. Robertson. 1998. Use of multiple isotope tracers to evaluate 
denitrification in ground water: study of nitrate from a large-flux septic system plume. Ground 
Water 36:975-982. 
Bae H., Y.-C. Chung, and J.-Y. Jung. 2010. Microbial community structure and occurrence of 
diverse autotrophic ammonium oxidizing microorganisms in the anammox process. Water Sci. 
Technol. 61:2723-2732. 
Barcelona M. J., and T. G. Naymik. 1984. Dynamics of a fertilizer contaminant plume in 
groundwater. Environ. Sci. Technol. 18:257-261. 
Bartram A.K., M. D. J. Lynch, J. C. Stearns, G. Moreno-Hagelsieb, and J. D. Neufeld. 2010. 
Generation of multimillion 16S rRNA gene libraries from complex microbial communities by 
assembling paired-end Illumina reads. Appl. Environ. Microbiol. In press. 
Böhlke, J.K., R.L. Smith and D.N. Miller. 2006. Ammonium transport and reaction in 
contaminated groundwater: application of isotope tracers and isotope fractionation studies. 
Water Resour. Res. 42, 1-19. 
Brandes J. A., A. H. Devol, and C. Deutsch. 2007. New developments in the marine nitrogen 
cycle. Chem. Rev. 107:577-589. 
Brandsma J., J. van de Vossenberg, N. Risgaard-Petersen, M. C. Schmid, P. Engström, K. 
Eurenius, S. Hulth, A. Jaeschke, B. Abbas, E. C. Hopmans, M. Strous, S. Schouten, M. S. M. 
Jetten, and J. S. S. Damsté. 2011. A multi-proxy study of anaerobic ammonium oxidation in 
marine sediments of the Gullmar Fjord, Sweden. Environ. Microbiol. Rep. 3:360-366 
Brümmer I. H. M., A. D. M. Felske, and I. Wagner-Döbler. 2004. Diversity and seasonal 
changes of uncultured Planctomycetales in river biofilms. Appl. Environ. Microbiol. 70:5094-
5101. 
Bulow S. E., J. J. Rich, H. S. Naik, A. K. Pratihary, and B. B. Ward. 2010. Denitrification 
exceeds anammox as a nitrogen loss pathway in the Arabian Sea oxygen minimum zone. Deep 
Sea Res. Part I. Elsevier 57:384-393. 
 61 
Byrne N., M. Strous, V. Crépeau, B. Kartal, J.-L. Birrien, M. Schmid, F. Lesongeur, S. 
Schouten, A. Jaeschke, M. Jetten, D. Prieur, and A. Godfroy. 2009. Presence and activity of 
anaerobic ammonium-oxidizing bacteria at deep-sea hydrothermal vents. ISME J. 3:117-23. 
Clark I., R. Timlin, A. Bourbonnais, K. Jones, D. Lafleur, and K. Wickens. 2008. Origin and 
fate of industrial ammonium in anoxic ground water— 
15
N evidence for anaerobic oxidation 
(anammox). Ground Water Monit. Rem. 28:73-82. 
Crooke W. M., and W. E. Simpson. 1971. Determination of ammonium in Kjeldahl digests of 
crops by an automated procedure. J. Sci. Food. Agric. 22:9-11. 
Dale O. R., C. R. Tobias, and B. Song. 2009. Biogeographical distribution of diverse anaerobic 
ammonium oxidizing (anammox) bacteria in Cape Fear River Estuary. Environ. Microbiol. 
11:1194-1207. 
Dalsgaard T., D. E. Canfield, J. Petersen, B. Thamdrup, and J. Acuña-González. 2003. N2 
production by the anammox reaction in the anoxic water column of Golfo Dulce, Costa Rica. 
Nature 422:606-608. 
Dalsgaard T., and B. Thamdrup. 2002. Factors controlling anaerobic ammonium oxidation 
with nitrite in marine sediments. Appl. Environ. Microbiol. 68:3802-3808. 
Dalsgaard T., B. Thamdrup, and D. E. Canfield. 2005. Anaerobic ammonium oxidation 
(anammox) in the marine environment. Res. Microbiol. 156:457-464. 
Dang H., R. Chen, L. Wang, L. Guo, P. Chen, Z. Tang, F. Tian, S. Li, and M. G. Klotz. 2010. 
Environmental factors shape sediment anammox bacterial communities in hypernutrified 
Jiaozhou Bay, China. Appl. Environ. Microbiol. 76:7036-7047. 
Dong L. F., C. J. Smith, S. Papaspyrou, A. Stott, A.M. Osborn, and D. B. Nedwell. 2009. 
Changes in benthic denitrification, nitrate ammonification, and anammox process rates and 
nitrate and nitrite reductase gene abundances along an estuarine nutrient gradient (the Colne 
estuary, United Kingdom). Appl. Environ. Microbiol. 75:3171-3179. 
van Dongen U., M. S. M. Jetten, and M. C. M. van Loosdrecht. 2001. The SHARON-
anammox process for treatment of ammonium rich wastewater. Water Sci. Technol. 44:153-
160. 
Engström P., T. Dalsgaard, S. Hulth, and R. Aller. 2005. Anaerobic ammonium oxidation by 
nitrite (anammox): Implications for N production in coastal marine sediments. Geochim. 
Cosmochim. Acta 69:2057-2065. 
Engström P., C. R. Penton, and A. H. Devol. 2009. Anaerobic ammonium oxidation in deep-
sea sediments off the Washington margin. Limnol. Oceanogr. 54:1643-1652. 
 62 
 Environment Canada. 2011. ―Groundwater‖ Accessed August 28, 2011. 
<http://www.ec.gc.ca/eau-water/default.asp?lang=En&n=300688DC-1> 
Erksine A. D. 2000. Transport of ammonium in aquifers: retardation and degradation. Q. J. 
Eng. Geol. Hydrogeol. 33:161-170. 
Francis C. A., K. J. Roberts, J. M. Beman, A. E. Santoro, and B. B. Oakley. 2005. Ubiquity 
and diversity of ammonia-oxidizing archaea in water columns and sediments of the ocean. 
Proc. Natl. Acad. Sci. U.S.A. 102:14683-14688. 
Frear D. S., and R. C. Burrell. 1955. Spectrophotometric method for determining 
hydroxylamine reductase activity in higher plants. Anal. Chem. 27:1664-1665. 
Galtier N., M. Guoy, and C. Gautier. 1996. SEAVIEW and PHYLO_WIN: Two graphic tools 
for sequence alignment and molecular phylogenies. Bioinformatics 12:543. 
Galán A., V. Molina, B. Thamdrup, D. Woebken, G. Lavik, M. M. M. Kuypers, and O. Ulloa. 
2009. Anammox bacteria and the anaerobic oxidation of ammonium in the oxygen minimum 
zone off northern Chile. Deep Sea Res. Part II. 56:1125-1135. 
Ginige M. P., P. Hugenholtz, H. Daims, M. Wagner, J. Keller, and L. L. Blackall. 2004. Use of 
stable-isotope probing, full cycle rRNA analysis, and fluorescence in situ hybridization-
microautoradiography to study a methanol-fed denitrifying microbial community. Appl. 
Environ. Microbiol. 70:588-596. 
van de Graaf A. A., A. Mulder, P. de Bruijn, M. S. Jetten, L. A. Robertson, and J. G. Kuenen. 
1995. Anaerobic oxidation of ammonium is a biologically mediated process. Appl. Environ. 
Microbiol. 61:1246-1251. 
Grant, B.R., and I. M. Turner. 1969. Light-stimulated nitrate and nitrite assimilation in several 
species of algae. Comp. Biochem. Physiol. 29:995-1004. 
Green S. J., M. B. Leigh, and J. D. Neufeld. 2010. Denaturing gradient gel electrophoresis 
(DGGE) for microbial community analysis, p. 4137-4158. In K. Timmis (ed.), Hydrocarbon 
Microbiology. Springer Berlin, Heidelberg. 
Guindon S., and O. Gascuel. 2003. A simple, fast, and accurate algorithm to estimate large 
phylogenies by maximum composite likelihood. Syst. Bio. 52:696-704. 
Hamersley M. R., G. Lavik, D. Woebken, J. E. Rattray, P. Lam, E. C. Hopmans, J. S. 
Sinninghe Damsté, S. Kruger, M. Graco, D. Gutierrez, and M. M. M. Kuypers. 2007. 
Anaerobic ammonium oxidation in the Peruvian oxygen minimum zone. Limnol. Oceanogr. 
52:923-933. 
 63 
Hamersley M. R., D. Woebken, B. Boehrer, M. Schultze, G. Lavik, and M. M. M. Kuypers. 
2009. Water column anammox and denitrification in a temperate permanently stratified lake 
(Lake Rassnitzer, Germany). Syst. Appl. Microbiol. 32:571-582. 
Hannig M., G. Lavik, M. M. M. Kuypers, D. Woebken, W. Martens-Habbena, and K. Jürgens. 
2007. Shift from denitrification to anammox after inflow events in the central Baltic Sea. 
Limnol. Oceanogr. 52:1336-1345. 
Hietanen S., and J. Kuparinen. 2007. Seasonal and short-term variation in denitrification and 
anammox at a coastal station on the Gulf of Finland, Baltic Sea. Hydrobiologia 596:67-77. 
Hirsch M. D., Z. T. Long, and B. Song. 2010. Anammox bacterial diversity in various aquatic 
ecosystems based on the detection of hydrazine oxidase genes (hzoA/hzoB). Microb. Ecol. 
61:264-276. 
Hong Y.-G., B. Yin, and T.-L. Zheng. 2011. Diversity and abundance of anammox bacterial 
community in the deep-ocean surface sediment from equatorial Pacific. Appl Microbiol 
Biotechnol 89:1233-1241. 
Hu B. lan, D. Rush, E. van der Biezen, P. Zheng, M. van Mullekom, S. Schouten, J. S. 
Sinninghe Damsté, A. J. P. Smolders, M. S. M. Jetten, and B. Kartal. 2011. A new anaerobic 
ammonium-oxidizing community enriched from peat soil. Appl. Environ. Microbiol. 77:966-
971. 
Huber, T., G. Faulkner, and P. Hugenholtz. 2004. Bellerophon: a program to detect chimeric 
sequences in multiple sequence alignments. Bioinformatics. 20:2317-2319. 
Humbert S., S. Tarnawski, N. Fromin, M.-P. Mallet, M. Aragno, and J. Zopfi. 2010. Molecular 
detection of anammox bacteria in terrestrial ecosystems: distribution and diversity. ISME J. 
4:450-454. 
Innerebner G., H. Insam, I. H. Franke-Whittle, and B. Wett. 2007. Identification of anammox 
bacteria in a full-scale deammonification plant making use of anaerobic ammonia oxidation. 
Syst. Appl. Microbiol. 30:408-412. 
Ishii S., M. Yamamoto, M. Kikuchi, K. Oshima, M. Hattori, S. Otsuka, and K. Senoo. 2009. 
Microbial populations responsive to denitrification-inducing conditions in rice paddy soil, as 
revealed by comparative 16S rRNA gene analysis. Appl. Environ. Microbiol. 75:7070-7078. 
Jaeschke A., E. C. Hopmans, S. G. Wakeham, S. Schouten, and J. S. S. Damste. 2007. The 
presence of ladderane lipids in the oxygen minimum zone of the Arabian Sea indicates 
nitrogen loss through anammox. Limnol. Oceanogr. 52:780-786. 
Jaeschke A., H. J. M. Op den Camp, H. Harhangi, A. Klimiuk, E. C. Hopmans, M. S. M. 
Jetten, S. Schouten, and J. S. Sinninghe Damsté. 2009. 16S rRNA gene and lipid biomarker 
 64 
evidence for anaerobic ammonium-oxidizing bacteria (anammox) in California and Nevada hot 
springs. FEMS Microbiol. Ecol. 67:343-350. 
Jäntti H., F. Stange, E. Leskinen, and S. Hietanen. 2011. Seasonal variation in nitrification and 
nitrate-reduction pathways in coastal sediments in the Gulf of Finland, Baltic Sea. Aquat. 
Microb. Ecol. 63:171-181. 
Jenkins M. C., and W. M. Kemp. 1984. The coupling of nitrification and denitrification in two 
estuarine sediments. Limnol. Oceanogr. 29:609-619. 
Jensen K., N. P. Revsbech, and L. P. Nielsen. 1993. Microscale distribution of nitrification 
activity in sediment determined with a shielded microsensor for nitrate. Appl. Environ. 
Microbiol. 59:3287-3296. 
Jensen M. M., M. M. M. Kuypers, G. Lavik, and B. Thamdrup. 2008. Rates and regulation of 
anaerobic ammonium oxidation and denitrification in the Black Sea. Limnol. Oceanogr. 53:23-
36. 
Jetten M. S. M., O. Sliekers, M. Kuypers, T. Dalsgaard, L. van Niftrik, I. Cirpus, K. van de 
Pas-Schoonen, G. Lavik, B. Thamdrup, D. Le Paslier, H. J. M. Op den Camp, S. Hulth, L. P. 
Nielsen, W. Abma, K. Third, P. Engström, J. G. Kuenen, B. B. Jørgensen, D. E. Canfield, J. S. 
Sinninghe Damsté, N. P. Revsbech, J. Fuerst, J. Weissenbach, M. Wagner, I. Schmidt, M. 
Schmid, and M. Strous. 2003. Anaerobic ammonium oxidation by marine and freshwater 
planctomycete-like bacteria. Appl. Microbiol. Biotechnol. 63:107-114. 
Jetten M. S., S. Logemann, G. Muyzer, L. a Robertson, S. de Vries, M. C. van Loosdrecht, and 
J. G. Kuenen. 1997. Novel principles in the microbial conversion of nitrogen compounds. 
Antonie Leeuwenhoek 71:75-93. 
Jetten M. S., M. Wagner, J. Fuerst, M. van Loosdrecht, G. Kuenen, and M. Strous. 2001. 
Microbiology and application of the anaerobic ammonium oxidation (―anammox‖) process. 
Curr. Opin. Biotechnol. 12:283-288. 
Jetten M. S. M., L. van Niftrik, M. Strous, B. Kartal, J. T. Keltjens, and H. J. M. Op den Camp. 
2009. Biochemistry and molecular biology of anammox bacteria. Crit. Rev. Biochem. Mol. 
Biol. 44:65-84. 
Jetten M. S. M., M. Strous, K. T. van de Pas-Schoonen, J. Schalk, U. G. J. M. van Dongen, A. 
A. van de Graaf, S. Logemann, G. Muyzer, M. C. M. van Loosdrecht, and J. G. Kuenen. 1999. 
The anaerobic oxidation of ammonium. FEMS Microbiol. Rev. 22:421-437. 
Junier P., V. Molina, C. Dorador, O. Hadas, O.-S. Kim, T. Junier, J.-P. Witzel, and J. F. 
Imhoff. 2010. Phylogenetic and functional marker genes to study ammonia-oxidizing 
microorganisms (AOM) in the environment. Appl. Microbiol. Biotechnol. 85:425-440. 
 65 
Kartal B., M. Koleva, R. Arsov, W. van der Star, M. S. M. Jetten, and M. Strous. 2006. 
Adaptation of a freshwater anammox population to high salinity wastewater. J. Biotechnol. 
126:546-553. 
Kartal B., M. M. M. Kuypers, G. Lavik, J. Schalk, H. J. M. Op den Camp, M. S. M. Jetten, and 
M. Strous. 2007a. Anammox bacteria disguised as denitrifiers: nitrate reduction to dinitrogen 
gas via nitrite and ammonium. Environ. Microbiol. 9:635-642. 
Kartal B., J. Rattray, L. van Niftrik, J. van de Vossenberg, M. C. Schmid, R. I. Webb, S. 
Schouten, J. A. Fuerst, J. Sinninghe Damsté, M. S. M. Jetten, and M. Strous. 2007b. 
Candidatus ―Anammoxoglobus propionicus‖ a new propionate oxidizing species of anaerobic 
ammonium oxidizing bacteria. Syst. Appl. Microbiol. 30:39-49. 
Kartal B., L. van Niftrik, J. Rattray, J. L. C. M. van de Vossenberg, M. C. Schmid, J. 
Sinninghe Damsté, M. S. M. Jetten, and M. Strous. 2008. Candidatus ―Brocadia fulgida‖: an 
autofluorescent anaerobic ammonium oxidizing bacterium. FEMS Microbiol. Ecol. 63:46-55. 
Kartal B., N. C. G. Tan, E. van de Biezen, M. J. Kampschreur, M. C. M. van Loosdrecht, and 
M. S. M. Jetten. 2010. Effect of nitric oxide on anammox bacteria. Appl. Environ. Microbiol. 
76:6304-6306. 
Kimura Y., K. Isaka, F. Kazama, and T. Sumino. 2010. Effects of nitrite inhibition on 
anaerobic ammonium oxidation. Appl. Microbiol. Biotechnol. 86:359-365. 
Klappenbach J. A., P. R. Saxman, J. R. Cole, and T. M. Schmidt. 2001. rrndb: the ribosomal 
RNA operon copy number database. Nucleic Acids Res. 29:181-184. 
Körner H., and W. G. Zumft. 1989. Expression of denitrification enzymes in response to the 
dissolved oxygen level and respiratory substrate in continuous culture of Pseudomonas 
stutzeri. Appl. Environ. Microbiol. 55:1670-1676. 
Kreader, C. 1996. Relief of amplification inhibition in PCR with bovine serum albumin or T4 
gene 32 protein. Appl. Env. Microbiol. 62:1102-1106 
Kuypers M. M. M., G. Lavik, D. Woebken, M. Schmid, B. M. Fuchs, R. Amann, B. B. 
Jørgensen, and M. S. M. Jetten. 2005. Massive nitrogen loss from the Benguela upwelling 
system through anaerobic ammonium oxidation. Proc. Natl. Acad. Sci. U.S.A. 102:6478-6483. 
Kuypers M. M. M., A. O. Sliekers, G. Lavik, M. Schmid, B. B. Jorgensen, J. G. Kuenen, J. S. 
Sinninghe Damsté, M. Strous, and M. S. M. Jetten. 2003. Anaerobic ammonium oxidation by 
anammox bacteria in the Black Sea. Nature 422:608-611. 
Lam P., M. M. Jensen, G. Lavik, D. F. McGinnis, B. Müller, C. J. Schubert, R. Amann, B. 
Thamdrup, and M. M. M. Kuypers. 2007. Linking crenarchaeal and bacterial nitrification to 
anammox in the Black Sea. Proc. Natl. Acad. Sci. U.S.A. 104:7104-9. 
 66 
Lam P., and M. M. M. Kuypers. 2011. Microbial nitrogen cycling processes in oxygen 
minimum zones. Annu. Rev. Mar. Sci. 3:317-345. 
Lam P., G. Lavik, M. M. Jensen, J. van de Vossenberg, M. Schmid, D. Woebken, D. Gutiérrez, 
R. Amann, M. S. M. Jetten, and M. M. M. Kuypers. 2009. Revising the nitrogen cycle in the 
Peruvian oxygen minimum zone. Proc. Natl. Acad. Sci. U.S.A. 106:4752-7. 
Lane D.J. 1991. 16S/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M (eds). Nucleic 
acid techniques in bacterial systematics. John Wiley & Sons Inc.: Chichester, UK, pp 115-175. 
Lanekoff I., and R. Karlsson. 2010. Analysis of intact ladderane phospholipids, originating 
from viable anammox bacteria, using RP-LC-ESI-MS. Anal. Bioanal. Chem. 397:3543-3551. 
Lanza S. 2009. M.Sc. Thesis. Groundwater anammox at an industrial site in Calgary. 
University of Calgary. Calgary, AB 
Li M., H. Cao, Y.-G. Hong, and J.-D. Gu. 2011a. Seasonal dynamics of anammox bacteria in 
estuarial sediment of the Mai Po Nature Reserve revealed by analyzing the 16S rRNA and 
hydrazine oxidoreductase (hzo) genes. Microb. Environ. 26:15-22. 
Li M., T. Ford, X. Li, and J.-D. Gu. 2011b. Cytochrome cd1-containing nitrite reductase 
encoding gene nirS as a new functional biomarker for detection of anaerobic ammonium 
oxidizing (anammox) bacteria. Environ. Sci. Technol. 45:3547-3553. 
Li M., and J.-D. Gu. 2011. Advances in methods for detection of anaerobic ammonium 
oxidizing (anammox) bacteria. Appl. Microbiol. Biotechnol. 90:1241-1252. 
Li M., Y. Hong, M. G. Klotz, and J.-D. Gu. 2010. A comparison of primer sets for detecting 
16S rRNA and hydrazine oxidoreductase genes of anaerobic ammonium-oxidizing bacteria in 
marine sediments. Appl. Microbiol. Biotechnol. 86:781-790. 
Li X.-R., B. Du, H.-X. Fu, R.-F. Wang, J.-H. Shi, Y. Wang, M. S. M. Jetten, and Z.-X. Quan. 
2009. The bacterial diversity in an anaerobic ammonium-oxidizing (anammox) reactor 
community. Syst. Appl. Microbiol. 32:278-289. 
van Loosdrecht M. C. M., and M. S. M. Jetten. 1998. Microbiological conversions in nitrogen 
removal. Water Sci. Technol. 38:1-7. 
Meyer R. L., N. Risgaard-Petersen, and D. E. Allen. 2005. Correlation between anammox 
activity and microscale distribution of nitrite in a subtropical mangrove sediment. Appl. 
Environ. Microbiol. 71:6142-6149. 
Mulder A., A. A. van de Graaf, L. A. Robertson, and J. G. Kuenen. 1995. Anaerobic 
ammonium oxidation discovered in a denitrifying fluidized bed reactor. FEMS Microbiol. 
Ecol. 16:177-184. 
 67 
Musat F., H. Wilkes, A. Behrends, D. Woebken, and F. Widdel. 2010. Microbial nitrate-
dependent cyclohexane degradation coupled with anaerobic ammonium oxidation. ISME J. 
4:1290-1301. 
Muyzer G., E. C. de Waal, and A. G. Uitterlinden. 1993. Profiling of complex microbial 
populations by denaturing gradient gel electrophoresis analysis of polymerase chain reaction-
amplified genes coding for 16S rRNA. Appl. Environ. Microbiol. 59:695-700. 
Nawrocki. 2009. Ph.D. Thesis. Structural RNA homology search and alignment using 
covariance models. University of Washington School of Medicine 
Neufeld J. D., H. Schäfer, M. J. Cox, R. Boden, I. R. McDonald, and J. C. Murrell. 2007. 
Stable-isotope probing implicates Methylophaga spp and novel Gammaproteobacteria in 
marine methanol and methylamine metabolism. ISME J. 1:480-491. 
Nicholls J., and M. Trimmer. 2009. Widespread occurrence of the anammox reaction in 
estuarine sediments. Aquat. Microb. Ecol. 55:105-113. 
Park H., A. Rosenthal, R. Jezek, K. Ramalingam, J. Fillos, and K. Chandran. 2010. Impact of 
inocula and growth mode on the molecular microbial ecology of anaerobic ammonia oxidation 
(anammox) bioreactor communities. Water Res. 44:5005-5013. 
Penton C. R., A. H. Devol, and J. M. Tiedje. 2006. Molecular evidence for the broad 
distribution of anaerobic ammonium-oxidizing bacteria in freshwater and marine sediments. 
Appl. Environ. Microbiol. 72:6829-6832. 
Pitcher A., L. Villanueva, E. C. Hopmans, S. Schouten, G.-J. Reichart, and J. S. Sinninghe 
Damsté. 2011. Niche segregation of ammonia-oxidizing archaea and anammox bacteria in the 
Arabian Sea oxygen minimum zone. ISME J. doi:10.1038/ismej.2011.60. 
Posada D. 2008. jModelTest: Phylogenetic model averaging. Mol. Biol. Evol. 25:1253-1256. 
Pratscher J., M. G. Dumont, and R. Conrad. 2011. Ammonia oxidation coupled to CO2 fixation 
by archaea and bacteria in an agricultural soil. Proc. Natl. Acad. Sci. U.S.A. 2011:1-6. 
Quan Z.-X., S.-K. Rhee, J.-E. Zuo, Y. Yang, J.-W. Bae, J. R. Park, S.-T. Lee, and Y.-H. Park. 
2008. Diversity of ammonium-oxidizing bacteria in a granular sludge anaerobic ammonium-
oxidizing (anammox) reactor. Environ. Microbiol. 10:3130-3139. 
Rattray J. E., J. van de Vossenberg, E. C. Hopmans, B. Kartal, L. van Niftrik, W. I. C. Rijpstra, 
M. Strous, M. S. M. Jetten, S. Schouten, and J. S. Sinninghe Damsté. 2008. Ladderane lipid 
distribution in four genera of anammox bacteria. Arch. Microbiol. 190:51-66. 
Rattray J. E., J. van de Vossenberg, A. Jaeschke, E. C. Hopmans, S. G. Wakeham, G. Lavik, 
M. M. M. Kuypers, M. Strous, M. S. M. Jetten, S. Schouten, and J. S. Sinninghe Damsté. 2010. 
 68 
Impact of temperature on ladderane lipid distribution in anammox bacteria. Appl. Environ. 
Microbiol. 76:1596-603. 
Rich J. J., O. R. Dale, B. Song, and B. B. Ward. 2008. Anaerobic ammonium oxidation 
(anammox) in Chesapeake Bay sediments. Microb. Ecol. 55:311-20. 
Richards F. A., J. D. Cline, W. W. Broenkow, and L. P. Atkinson. 1965. Some consequences 
of the decomposition of organic matter in Lake Nitinat, an anoxic fjord. Limnol. Oceanogr. 
R185-R201. 
Risgaard-Petersen N., R. L. Meyer, M. Schmid, M. S. M. Jetten, A. Enrich-Prast, S. Rysgaard, 
and N. P. Revsbech. 2004. Anaerobic ammonium oxidation in an estuarine sediment. Aquat. 
Microb. Ecol. 199136:293-304. 
Robertson W. D., and J. A. Cherry. 1995. In situ denitrification of septic-system nitrate using 
reactive porous media barriers: field trials. Ground Water 33:99-111. 
Robertson W. D., and S. L. Schiff. 2008. Persistent elevated nitrate in a riparian zone aquifer. 
J. Environ. Qual. 37:669-679. 
Rush D., A. Jaeschke, E. C. Hopmans, J.A.J. Geenevasen, S. Schouten, and J. S. S. Damsté. 
2011. Short chain ladderanes: Oxic biodegradation products of anammox lipids. Geochim. 
Cosmochim. Acta 75:1662-1671. 
Sànchez-Melsió A., J. Cáliz, M. D. Balaguer, J. Colprim, and X. Vila. 2009. Development of 
batch-culture enrichment coupled to molecular detection for screening of natural and man-
made environments in search of anammox bacteria for N-removal bioreactors systems. 
Chemosphere. 75:169-179. 
Schalk J., S. de Vries, J. G. Kuenen, and M. S. Jetten. 2000. Involvement of a novel 
hydroxylamine oxidoreductase in anaerobic ammonium oxidation. Biochemistry 39:5405-12. 
Schmid M., U. Twachtmann, M. Klein, M. Strous, S. Juretschko, M. Jetten, J. W. Metzger, K. 
H. Schleifer, and M. Wagner. 2000. Molecular evidence for genus level diversity of bacteria 
capable of catalyzing anaerobic ammonium oxidation. Syst. Appl. Microbiol. 23:93-106. 
Schmid M., S. Schmitz-Esser, M. Jetten, and M. Wagner. 2001. 16S-23S rDNA intergenic 
spacer and 23S rDNA of anaerobic ammonium-oxidizing bacteria: implications for phylogeny 
and in situ detection. Environ. Microbiol. 3:450-459. 
Schmid M., K. Walsh, R. Webb, W. I. C. Rijpstra, K. van de Pas-schoonen, M. J. Verbruggen, 
T. Hill, B. Moffett, J. Fuerst, S. Schouten, J. S. Sinninghe Damsté, J. Harris, P. Shaw, M. 
Jetten, and M. Strous. 2003. Candidatus ―Scalindua brodae‖, sp. nov., Candidatus ―Scalindua 
wagneri‖, sp. nov., two new species of anaerobic ammonium oxidizing bacteria. Syst. Appl. 
Microbiol. 26:529-538. 
 69 
Schmid M. C., B. Maas, A. Dapena, K. van de Pas-Schoonen, J. van de Vossenberg, B. Kartal, 
L. van Niftrik, I. Schmidt, I. Cirpus, J. G. Kuenen, M. Wagner, J. S. Sinninghe Damsté, M. 
Kuypers, N. P. Revsbech, R. Mendez, M. S. M. Jetten, and M. Strous. 2005. Biomarkers for in 
situ detection of anaerobic ammonium-oxidizing (anammox) bacteria. Appl. Environ. 
Microbiol. 71:1677-1684. 
Schmid M. C., N. Risgaard-Petersen, J. van de Vossenberg, M. M. M. Kuypers, G. Lavik, J. 
Petersen, S. Hulth, B. Thamdrup, D. Canfield, T. Dalsgaard, S. Rysgaard, M. K. Sejr, M. 
Strous, H. J. M. Op den Camp, and M. S. M. Jetten. 2007. Anaerobic ammonium-oxidizing 
bacteria in marine environments: widespread occurrence but low diversity. Environ. Microbiol. 
9:1476-1484. 
Schouten S., M. Strous, M. M. M. Kuypers, W. I. C. Rijpstra, M. Baas, C. J. Schubert, M. S. 
M. Jetten, and J. S. Sinninghe Damsté. 2004. Stable carbon isotopic fractionations associated 
with inorganic carbon fixation by anaerobic ammonium-oxidizing bacteria. Appl. Environ. 
Microbiol. 70:3785-3788. 
Schubert C. J., E. Durisch-Kaiser, B. Wehrli, B. Thamdrup, P. Lam, and M. M. M. Kuypers. 
2006. Anaerobic ammonium oxidation in a tropical freshwater system (Lake Tanganyika). 
Environ. Microbiol. 8:1857-1863. 
Shanks A., and M. Reeder. 1993. Reducing microzones and sulfide production in marine snow. 
Mar. Ecol. Prog. Ser. 96:43-47. 
Sinninghe Damsté J. S., W. I. C. Rijpstra, J. A. J. Geenevasen, M. Strous, and M. S. M. Jetten. 
2005. Structural identification of ladderane and other membrane lipids of planctomycetes 
capable of anaerobic ammonium oxidation (anammox). FEBS Journal 272:4270-4283. 
Sinninghe Damsté J. S., M. Strous, W. I. C. Rijpstra, E. C. Hopmans, J. A. J. Geenevasen, A. 
C. T. van Duin, L. A. van Niftrik, and M. S. M. Jetten. 2002. Linearly concatenated 
cyclobutane lipids form a dense bacterial membrane. Nature 419:708-712. 
Smits T., A. Huttmann, D. Lerner, and C. Holliger. 2009. Detection and quantification of 
bacteria involved in aerobic and anaerobic ammonium oxidation in an ammonium-
contaminated aquifer. Biorem. J. 13:41-51. 
Song B., and C. R. Tobias. 2011. Molecular and stable isotope methods to detect and measure 
anaerobic ammonium oxidation (anammox) in aquatic ecosystems. Methods Enzymol. 496:63-
89. 
Spott O., and C. F. Stange. 2007. A new mathematical approach for calculating the 
contribution of anammox, denitrification and atmosphere to an N2 mixture based on a 
15
N 
tracer technique. Rapid. Commun. Mass. Spectrom. 21:2398-2406. 
van der Star W. R. L., W. R. Abma, D. Blommers, J.-W. Mulder, T. Tokutomi, M. Strous, C. 
Picioreanu, and M. C. M. van Loosdrecht. 2007. Startup of reactors for anoxic ammonium 
 70 
oxidation: experiences from the first full-scale anammox reactor in Rotterdam. Water Res. 
41:4149-4163. 
van der Star W. R. L., A. I. Miclea, U. G. J. M. van Dongen, G. Muyzer, C. Picioreanu, and M. 
C. M. van Loosdrecht. 2008. The membrane bioreactor: a novel tool to grow anammox 
bacteria as free cells. Biotechnol. Bioeng. 101:286-294. 
Strous M., E. Van Gerven, J. G. Kuenen, and M. Jetten. 1997. Effects of aerobic and 
microaerobic conditions on anaerobic ammonium-oxidizing (anammox) sludge. Appl. Environ. 
Microbiol. 63:2446-2448. 
Strous M., J. G. Kuenen, and M. S. Jetten. 1999. Key physiology of anaerobic ammonium 
oxidation. Appl. Environ. Microbiol. 65:3248-3250. 
Strous M., J. A. Fuerst, E. H. M. Kramer, S. Logemann, G. Muyzer, K. T. van de Pas-
Schoonen, R. Webb, J. G. Kuenen, and M. S. M. Jetten. 1999. Missing lithotroph identified as 
new planctomycete. Nature 400:446-449. 
Strous M., E. Pelletier, S. Mangenot, T. Rattei, A. Lehner, M. W. Taylor, M. Horn, H. Daims, 
D. Bartol-Mavel, P. Wincker, V. Barbe, N. Fonknechten, D. Vallenet, B. Segurens, C. 
Schenowitz-Truong, C. Médigue, A. Collingro, B. Snel, B. E. Dutilh, H. J. M. Op den Camp, 
C. van der Drift, I. Cirpus, K. T. van de Pas-Schoonen, H. R. Harhangi, L. van Niftrik, M. 
Schmid, J. Keltjens, J. van de Vossenberg, B. Kartal, H. Meier, D. Frishman, M. A. Huynen, 
H.-W. Mewes, J. Weissenbach, M. S. M. Jetten, M. Wagner, and D. Le Paslier. 2006. 
Deciphering the evolution and metabolism of an anammox bacterium from a community 
genome. Nature 440:790-794. 
Swofford D. L. 2003. PAUP* phylogenetic analysis using parsimony (* and other methods). 
U.S. Patent 4. Sinauer Associates, Sunderland, MA. 
Tavaré S. 1986. Some probabilistic and statistical problems on the analysis of DNA sequences. 
Lect. Math. Life Sci. 17:57-86. 
Thamdrup B., and T. Dalsgaard. 2002. Production of N2 through anaerobic ammonium 
oxidation coupled to nitrate reduction in marine sediments. Appl. Environ. Microbiol. 68:1312-
1318. 
Thamdrup B., and T. Dalsgaard. 2000. The fate of ammonium in anoxic manganese oxide-rich 
marine sediment. Geochim. Cosmochim. Acta 64:4157-4164. 
Thamdrup B., T. Dalsgaard, M. M. Jensen, O. Ulloa, L. Farías, and R. Escribano. 2006. 
Anaerobic ammonium oxidation in the oxygen-deficient waters off northern Chile. Limnol. 
Oceanogr. 51:2145-2156. 
 71 
Third K.A., J. Paxman, M. Schmid, M. Strous, M. S. M. Jetten, and R. Cord-Ruwisch. 2005. 
Enrichment of anammox from activated sludge and its application in the CANON process. 
Microb. Ecol. 49:236-244. 
Third, K.A., O. Sliekers, J. G. Kuenen, and M. S. Jetten. 2001. The CANON system 
(completely autotrophic nitrogen-removal over nitrite) under ammonium limitation: interaction 
and competition between three groups of bacteria. Syst. Appl. Microbiol. 24:588-596. 
Tourna, M., T.E. Freitag, and J.I. Prosser. 2010. Stable isotope probing analysis of interactions 
between ammonia oxidizers. Appl. Environ. Microbiol. 76:2468-2477 
Trimmer M., J. C. Nicholls, and B. Deflandre. 2003. Anaerobic ammonium oxidation 
measured in sediments along the Thames Estuary, United Kingdom. Appl. Environ. Microbiol. 
69:6447-6454. 
Vlaeminck S. E., L. F. F. Cloetens, M. Carballa, N. Boon, and W. Verstraete. 2009. Granular 
biomass capable of partial nitritation and anammox. Water Sci. Technol. 58:1113- 1120. 
Vlaeminck S. E., A. Terada, B. F. Smets, H. De Clippeleir, T. Schaubroeck, S. Bolca, L. 
Demeestere, J. Mast, N. Boon, M. Carballa, and W. Verstraete. 2010. Aggregate size and 
architecture determine microbial activity balance for one-stage partial nitritation and anammox. 
Appl. Environ. Microbiol. 76:900-909. 
Vlaeminck S. E., A. Terada, B. F. Smets, D. van der Linden, N. Boon, W. Verstraete, and M. 
Carballa. 2009. Nitrogen removal from digested black water by one-stage partial nitritation and 
anammox. Environ. Sci. Technol. 43:5035-5041. 
van de Vossenberg J., J. E. Rattray, W. Geerts, B. Kartal, L. van Niftrik, E. G. van Donselaar, 
J. S. Sinninghe Damsté, M. Strous, and M. S. M. Jetten. 2008. Enrichment and characterization 
of marine anammox bacteria associated with global nitrogen gas production. Environ. 
Microbiol. 10:3120-3129. 
Ward B. B., A. H. Devol, J. J. Rich, B. X. Chang, S. E. Bulow, H. Naik, A. Pratihary, and A. 
Jayakumar. 2009. Denitrification as the dominant nitrogen loss process in the Arabian Sea. 
Nature. 461:78-81. 
Watt G. W., and J. D. Chrisp. 1952. A spectrophotometric method for the determination of 
hydrazine. Anal. Chem. 24:2006-2008. 
Woebken D., B. M. Fuchs, M. M. M. Kuypers, and R. Amann. 2007. Potential interactions of 
particle-associated anammox bacteria with bacterial and archaeal partners in the Namibian 
upwelling system. Appl. Environ. Microbiol. 73:4648-4657. 
Woebken D., P. Lam, M. M. M. Kuypers, S. W. A. Naqvi, B. Kartal, M. Strous, M. S. M. 
Jetten, B. M. Fuchs, and R. Amann. 2008. A microdiversity study of anammox bacteria reveals 
 72 
a novel Candidatus Scalindua phylotype in marine oxygen minimum zones. Environ. 
Microbiol. 10:3106-3119. 
Yan J., H. J. M. Op den Camp, M. S. M. Jetten, Y. Y. Hu, and S. C. M. Haaijer. 2010. Induced 
cooperation between marine nitrifiers and anaerobic ammonium-oxidizing bacteria by 
incremental exposure to oxygen. Syst. Appl. Microbiol. 33:407-415. 
Zehr J. P., and B. B. Ward. 2002. Nitrogen cycling in the ocean: new perspectives on processes 
and paradigms. Appl. Environ. Microbiol. 68:1015-1024. 
Zhang Y., X.-H. Ruan, H. J. M. Op den Camp, T. J. M. Smits, M. S. M. Jetten, and M. C. 
Schmid. 2007. Diversity and abundance of aerobic and anaerobic ammonium-oxidizing 
bacteria in freshwater sediments of the Xinyi River (China). Environ. Microbiol. 9:2375-2382. 
Zhang L.M., P.R. Offre, J-H He, D.T. Verhamme, G.W. Nicol, J.I. Prosser (2011) Autotrophic 
ammonia oxidation by soil thaumarchaea. Proc. Natl. Acad. Sci. U.S.A. 107:17240–17245. 
Zhu G., S. Wang, Y. Wang, C. Wang, N. Risgaard-Petersen, M. S. Jetten, and C. Yin. 2011. 





Appendix A: Illumina bacterial 16S rRNA gene results 
Please refer to the enclosed CD for Tables A1 and A2: Illumina bacterial 16S rRNA gene 
libraries from Zorra wells 103 and 106, 7.5 m depth. This data is also available electronically 
from the Department of Biology upon request. 
